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ABSTRACT 
 
Hypoglycemia is the most common acute complication associated with insulin-dependent 
diabetes mellitus (Type 1 and advanced Type 2), which affects 300,000-500,000 individuals of 
all ages in the United States, with 30,000 new cases each year (1).  It is characterized by low 
blood glucose concentration (less than 70 mg/dL or 4 mM) that can be attributed to a mismatch 
of insulin, food intake, sleep, and physical activity and can result in serious morbidity or death 
(2).  The glucose counterregulatory response is the primary defense against hypoglycemia and 
involves (A) secretion of epinephrine and glucagon to elevate blood glucose concentration and 
(B) sympathetic activation to prompt the individual to take action against hypoglycemia through 
symptoms that include hunger, shaking, rapid heart rate, and sweating (2).  Recurrent episodes of 
hypoglycemia result in failure of the counterregulatory response, which increases the frequency 
and severity of subsequent hypoglycemia.  The underlying physiology by which this occurs is 
not well understood (3), but changes occurring in the ventromedial hypothalamus (VMH), a 
brain region that is responsible for initiating the counterregulatory response to hypoglycemia (4) 
is the most promising target.  In the following studies, we utilized metabolomic (Chapter 2), 
transcriptomic (Chapter 3), and isotope tracer approaches (Chapter 4) to identify changes in 
glucose metabolism in the VMH.  We did not see significant changes in glucose metabolite 
concentrations, but we observed altered glycogen metabolism through changes in expression of 
genes involved in glycogen synthesis and mobilization.  Impact of altered brain glycogen 
metabolism in the development of HAAF is underway, but research to gain a robust 
understanding brain glycogen kinetics will be necessary before investigating the impact of 
recurrent hypoglycemia on its turnover.  Many genes were identified to be associated with the 
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hypoglycemia treatments and among them, were advanced glycosylation end product-specific 
receptor and Vgf nerve growth factor, which are promising candidate genes for future research 
due to their functions and associations with diabetes.  We also identified changes in arachidonate 
15-lipoxygenase (Alox15) gene expression, which is an enzyme that oxidizes polyunsaturated 
fatty acids, phospholipids, and other complex substrates.  Alox15 expression was highly 
correlated with the hypoglycemia treatments and was complemented by changes in cholesterol 
and phospholipid metabolites in response to recurrent hypoglycemia.  We demonstrate in these 
studies a role of altered VMH glucose metabolism in response to hypoglycemia and propose a 
novel role of altered VMH lipid metabolism in the development of impaired glucose 
counterregulation. 
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CHAPTER 1: Introduction 
 
Homeostatic mechanisms to maintain internal glucose concentrations within a narrow 
physiological range are critical to survival and are well conserved across species (1).  In humans, 
multiple organs act in synchrony to achieve homeostasis, with the brain playing a dominant role.  
While the brain comprises about only 2% of our average body weight, it has a tremendous 
energy requirement representing an estimated 20% of O2 consumption and 25% of glucose 
consumption in the body (2, 3).  This high energy demand by the brain is attributed to the 
maintenance of ion gradients necessary for the generation of action potentials and synaptic 
neurotransmission (4).  Energy demand is met primarily by glucose, as suggested by the human 
cerebral respiratory quotient of 0.95(5).  However, the brain is also capable of utilizing lactate, 
pyruvate, and ketones as energy sources under normal physiological conditions and will increase 
dependence upon these alternate fuel sources when glucose availability is low. 
 
Glucosenation 
Blood glucose concentrations are typically maintained in a range between 3.0 and 5.6 
mM (54 and 100.8 mg/dL), but can vary between 2 and 10 mM (36 and 180 mg/dL) or higher in 
certain pathologies (6).  During times of low glucose availability, peripheral tissues shift 
preferential fuel sources to conserve glucose for utilization by the brain.  This phenomenon 
begins with glucose sensing.  Peripheral glucosensors are located in areas which include the 
portal vein (7, 8), gut (9), and carotid body (10, 11).  Some of the peripheral glucosensors 
communicate with central glucosensors in the hypothalamus (12), nucleus solitarius (13), and 
amygdala (14), where the signals are integrated (15).  Glucosensing neurons in these brain areas 
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activate appropriate autonomic and neuroendocrine effector systems to modulate glucose 
metabolism.  While the direct pathways by which glucosensing neurons communicate with the 
autonomic nervous system are not fully understood, signaling begins with altered action potential 
firing rates by glucosensing neurons (12, 16).   
Glucosensing neurons can be classified by the range of glucose concentrations at which 
they are most sensitive (17).  One class of glucosensing neuron responds to extracellular glucose 
concentration changes below 2.5 mM and the other responds to changes above 5 mM; these two 
classifications can be further characterized by their changes in action potential firing rates.  As 
extracellular glucose concentrations increase from 0.1 mM to 5 mM, these neurons either 
increase or decrease their firing rates and are appropriately sub-classified, “glucose-excited 
(GE)” or “glucose- inhibited (GI)”, respectively (15, 17).  GE and GI neurons that are active in 
the extracellular glucose range of 5 to 20 mM have been termed, high GE (HGE) and high GI 
(HGI) neurons, respectively.  GE and GI neurons are of particular interest to the study of 
hypoglycemic counterregulation due to the typical extracellular glucose concentrations of many 
brain areas, which are in the range of 0.2 to 5 mM, as demonstrated by the zero-net-flux method 
in rats (18).  In addition, the ventromedial hypothalamus (VMH) has been shown to be a 
critically important brain area involved in the regulation of energy homeostasis and its GE and 
GI neurons are well-characterized (16, 19). 
Hypoglycemia 
Hypoglycemia is a condition characterized by blood glucose concentrations lower than 
4.0 mM (72 mg/dL) and can result in serious morbidity or death (20).  People with type 1 
diabetes mellitus (T1DM) and advanced type 2 diabetes mellitus (T2DM) require manipulation 
of circulating insulin levels to maintain proper glucose regulation and can become hypoglycemic 
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when insulin is in excess.  In type 1 diabetes, individuals lack the ability to produce insulin due 
to the autoimmune destruction of their pancreatic beta cells.  Insulin plays many roles in the 
body and its function in glucose homeostasis is to decrease plasma glucose by activating a 
signaling cascade with multiple downstream effects, which include increased glucose uptake and 
increased hepatic glucose production.  A lack of endogenous insulin production in type 1 
diabetics necessitates the administration of exogenous insulin to maintain glycemic control.  
Individuals with advanced type 2 diabetes are similarly challenged with maintaining glycemic 
control, when insulin production becomes progressively insufficient to meet the demand created 
by insulin resistance and insulin secretagogues or exogenous insulin becomes necessary. 
Treatment of diabetes with insulin can be categorized as either conventional therapy or 
intensive insulin therapy (IIT).  Conventional therapy involves one to three daily injections of 
insulin, with insulin-type and dosage dependent upon estimates of diet and exercise.  IIT allows 
more flexibility in diet and exercise at the cost of closer monitoring and more frequent insulin 
administration.  While treatment of insulin-dependent diabetes mellitus (IDDM) through IIT 
requires more work than conventional therapy, the long-term benefits are tremendous, with 
decreased rates of microvascular complications, which include retinopathy and nephropathy by 
74% and 54%, respectively (21).  Decreased risk of neuropathy and heart disease are also likely 
outcomes, but require further investigation.  Although IIT offers significant protection from these 
micro- and macrovascular complications, it comes at the cost of a two- to threefold increase in 
severe hypoglycemia (21). 
The symptoms of hypoglycemia can be categorized as either neurogenic or 
neuroglycopenic; neurogenic symptoms are the result of autonomic nervous system (ANS) 
activation due to hypoglycemia, whereas neuroglycopenic symptoms are the direct result of 
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glucose-deprivation in the brain (20).  Neurogenic symptoms include trembling, palpitations, 
anxiety, sweating, hunger, and paresthesia (20) and become the basis for the perception of 
hypoglycemia.  Recognition of these symptoms through experience allows an individual to act 
quickly and correct for hypoglycemia.  Neuroglycopenic symptoms include feelings of warmth, 
weakness, exhaustion, cognitive impairment, loss of orientation, emotional incontinence, 
behavioral changes, and stupor (20).  With increasing severity and duration of hypoglycemia, 
loss of consciousness, seizures, brain injury and death can occur.  Concurrent to the 
sympathoadrenal activation that produces the neurogenic symptoms during hypoglycemia, 
sympathoadrenal and parasympathetic activation modulates endocrine activity to reverse the 
actions of insulin through pathways that comprise the glucose counterregulatory response. 
 
Glucose counterregulation 
As blood glucose concentrations begin to fall, endocrine and behavioral systems are 
modulated to restore euglycemia through a physiological response termed, glucose 
counterregulation (6).  The primary compensatory mechanism involves a suppression of insulin 
secretion, at a threshold plasma glucose level of roughly 4.6 mM (83 mg/dL) (22) and an 
enhancement in secretion of the counterregulatory hormones (glucagon, epinephrine, 
norepinephrine, glucocorticoids, and growth hormone) at plasma glucose levels below 3.8 mM 
(68 mg/dL) (23).  Acting in opposition to insulin, glucagon serves to increase plasma glucose by 
inhibiting glycolysis and promoting both gluconeogenesis and glycogenolysis.  Reduced insulin 
secretion from pancreatic beta cells and increased glucagon secretion from pancreatic alpha cells 
results in an increase in blood glucose concentration.  Similar to glucagon in activity, epinephrine 
and norepinephrine are hormones produced by the adrenal medulla through sympathetic 
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stimulation, which promote the mobilization of liver and muscle glycogen to quickly raise blood 
glucose levels, among other physiological responses.  Epinephrine and norepinephrine release is 
further promoted by the release of glucocorticoids, via regulation of the hypothalamic-pituitary-
adrenal (HPA) axis.   
Action of glucagon, epinephrine, and norepinephrine serve as immediate responses to 
hypoglycemia, while glucocorticoids and growth hormone contribute to longer-lasting effects.  
Glucocorticoids are secreted when glucosensors prompt the release of corticotropin-releasing 
hormone (CRH) from neurosecretory cells of the paraventricular hypothalamic nucleus (PVN).  
CRH stimulates the secretion of adrenocorticotropic hormone (ACTH) from the anterior 
pituitary, which in turn triggers the release of glucocorticoids from the adrenal cortices (20, 23).  
Through a similar pathway, growth hormone releasing hormone is released from the arcuate 
nucleus of the hypothalamus in response to hypoglycemia, which promotes the release of growth 
hormone from the anterior pituitary.  Glucocorticoids and growth hormone enhance 
gluconeogenesis and antagonize insulin activity, which effectively conserves circulating glucose 
for the brain by reducing utilization of glucose by peripheral tissues (20).   In addition to 
autonomic and neuroendocrine regulation of blood glucose, hypoglycemia promotes feeding 
behavior to increase available energy sources.  Together, these mechanisms comprise the 
counterregulatory response that is necessary to prevent or rapidly restore euglycemia. 
 
Defective glucose counterregulation 
While failure of the counterregulatory response is a clinically uncommon occurrence in 
individuals without diabetes due to the efficiency of the counterregulatory response, it has been 
observed to occur (24, 25).  Individuals with T1DM lack both the ability to decrease insulin 
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when excess causes plasma glucose concentrations to decline and the capacity to increase 
glucagon secretion during hypoglycemia (26).  Although individuals with T2DM generally have 
an intact counterregulatory response in early stages, this system becomes analogous to T1DM in 
its advanced stages with an impaired ability to secrete glucagon in response to hypoglycemia 
(27).  In both groups, individuals rely on epinephrine secretion during hypoglycemia to restore 
blood glucose concentrations.  However, this function becomes largely attenuated with 
antecedent hypoglycemia (20) and the glycemic threshold at which the counterregulatory 
response is initiated decreases (28).  Under circumstances when hyperinsulinemia blocks the 
production of glucose and alternative fuel sources by peripheral tissues and neither epinephrine 
nor glucagon is sufficient to restore euglycemia, the individual has developed a defective 
counterregulatory response.  To confound the severity of this condition, an impaired epinephrine 
response to hypoglycemia indicates injury to the adrenomedullary system, which generates 
neurogenic symptoms (20).  The absence of cautionary neurogenic symptoms during 
hypoglycemia characterizes the pathological condition, hypoglycemia unawareness and increases 
the risk of severe hypoglycemia six-fold (29).  Hypoglycemia unawareness increases the risk of 
repeatedly and unknowingly inducing hypoglycemia, further impairing the glucose 
counterregulatory response and increasing the risk of developing more severe hypoglycemia 
(30).  This positive feedback loop whereby hypoglycemia begets hypoglycemia has been termed, 
hypoglycemia-associated autonomic failure (HAAF).  Initial estimates suggested that the 
restoration of hypoglycemia awareness may take two weeks (31).  Mathematical modeling of 
biological data has validated previous data that in T1DM patients, recurrent bouts of mild 
hypoglycemia increased the risk of more severe subsequent bouts of hypoglycemia through 
injury to the counterregulatory response and has suggested that hypoglycemia awareness may be 
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restored in as quickly as 3 days (32).  This model also suggested trends in blood glucose 
concentrations that are indicative of impaired glucose counterregulation that may help diabetic 
patients recognize and prevent episodes of severe hypoglycemia.   While advances in research 
have helped develop better treatment methods to prevent the microvascular complications 
associated with intensive insulin therapy, little is currently known about the underlying 
physiology of HAAF and defective glucose counterregulation. 
 
Counterregulation in the hypothalamus 
Glucosensing neurons of the hind brain and hypothalamus are located in areas with a 
leaky blood brain barrier, which allow them to sense central and peripheral energy signals.  
However, energy homeostatic mechanisms are believed to lay largely under regulation by the 
hypothalamus, as glucose counterregulation during hypoglycemia has been shown to be impaired 
by recurrent glucoprivation in the third ventricle, but not the hindbrain (33).  The ventromedial 
nucleus (VMN) of the hypothalamus in particular has been identified as the major site involved 
in the regulation of glucose metabolism (17).  Furthermore, reduced glucose sensitivity of the GI 
neurons in the VMN is believed to be involved in the development of impaired counterregulation 
in recurrent hypoglycemia (34).  The VMH has been shown to play a key role in the protection 
against hypoglycemia through the initiation of the counterregulatory response.  Bilateral VMH 
lesion by local administration of the neurotoxin, ibotenic acid, has been shown to suppress 
glucagon and catecholamine responses during hypoglycemia by as much as 80% during severe 
hypoglycemia (35).  The authors then demonstrated that local hypoglycemia in the VMH can 
initiate a counterregulatory response; glucoprivation was induced in the VMH by bilateral 
administration of the non-metabolizable glucose analog, 2-deoxyglucose (2DG), which rapidly 
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elevated circulating glucagon, epinephrine, and norepinephrine by 3.5-fold, 30-fold, and 3.5-
fold, respectively (36).  Contrariwise, glucose adequacy in the VMH, simulated by local glucose 
perfusion, during peripheral hypoglycemia inhibited glucagon, epinephrine, and norepinephrine 
secretion (37).  Local glucoprivation in the VMH in chronically hypoglycemic non-diabetic rats 
showed significant suppression of glucagon and catecholamine release, while local 
glucoprivation in moderately hyperglycemic diabetic rats showed no glucagon release and 
impaired epinephrine release (38).  This study supports previous findings (39, 40) and provides 
strong evidence to support the hypothesis that defective glucose counterregulation after 
antecedent hypoglycemia is the result of altered activity in the VMH or its efferent pathways 
(38).  Indeed, deVries et al. demonstrated through the zero-net-flux method that extracellular 
VMH glucose concentration declines in parallel with overnight fasting and moderate 
hypoglycemia, but decreases disproportionately more in severe hypoglycemia.  Extracellular 
VMH glucose concentrations at steady state were also approximately 20% lower following 3 
recurrent episodes of hypoglycemia than untreated animals, suggesting that changes in glucose 
metabolism in the VMH may be associated with altered glucose counterregulation (18). 
 
Alternate neuronal fuel utilization 
During the hypoglycemia, glucose available for the brain from circulation becomes 
limited.  Neurons rely primarily on glucose for fuel and this does not appear to significantly 
change during hypoglycemia, as suggested by glucose metabolic rates and cerebral blood flow 
rates (41).  Fuel sources are limited to either increased glucose uptake across the blood-brain 
barrier or brain glycogen stores.  Some have suggested that chronic hypoglycemia increases 
blood-to-brain transport as demonstrated by increased GLUT1 mRNA and protein expression in 
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the blood-brain barrier (42).  However, others have discredited this hypothesis on the basis that 
very long-term hypoglycemia (longer than 3 days) may increase GLUT1 expression, but HAAF 
can be produced by hours of antecedent hypoglycemia (43).  Yet others have determined that 
evidence is lacking based on calculated blood-to-brain glucose transport rates during 
hypoglycemia (41). 
Glycogen is present in the brain at quantities of roughly 0.5 to 1.5 g, representing about 
0.1% of total brain weight (44) and its distribution is varied across different brain areas (45).  In 
perspective, glycogen represents roughly 2% and 8% of skeletal muscle and liver weights, 
respectively (44).  It is found almost exclusively in astrocytes and the enzymes necessary for its 
synthesis and degradation, glycogen synthase and glycogen phosphorylase, respectively, are 
located in astrocytes (46-48).  Muscle and brain isoforms of glycogen phosphorylase have been 
identified in astrocytes (49) and are capable of mobilizing glycogen in times of need (50).  After 
single or recurrent episodes of hypoglycemia, brain glycogen concentrations have been observed 
by some to rebound to levels several-fold higher than pre-hypoglycemic conditions and have 
termed the phenomenon, supercompensation (50, 51).  This could possibly contribute to the 
development of hypoglycemia unawareness and HAAF.  However, others who have investigated 
the occurrence of supercompensation in cerebellum, cortex, and hypothalamus after acute and 
recurrent episodes of hypoglycemia were unable to show a significant effect (52).  Preliminary 
data from our lab show that infusion of a glycogen phosphorylase inhibitor, isofagomine, into the 
VMH prior to a fourth episode of hypoglycemia restored the counterregulatory response 
(unpublished data).  From this, we hypothesize that glycogen mobilization in astrocytes may 
spare blood-derived glucose for neuronal use and thereby impart neuroprotection. 
Upon mobilization, astrocytic glycogen produces glucose-6-phosphate, which leads a 
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controversial fate to become glucose through glucose-6-phosphatase (53), or lactate, as glucose-
6-phosphatase is present in very low quantities (54) and the kinetics of astrocytic lactate 
dehydrogenase isoforms favor the conversion of pyruvate to lactate (55).  If astrocytic 
gluconeogenesis does occur, astrocytic glucose would then require transport out of the cell by a 
mechanism yet to be elucidated.  Lactate transport has been shown to occur through 
monocarboxylate transporters (MCT) and are present on both astrocyte and neuronal membranes.  
These transporters are astrocyte- and neuron-specific, with kinetics that favor the shuttling of 
lactate out of astrocytes and into neurons (56).  Astrocytes possess MCT1 and MCT4 isoforms, 
which have a low-affinity for lactate, while neurons express MCT2, which has a high-affinity 
(56, 57). 
As lactate is an important potential neuronal energy source, Borg et al. investigated its 
capacity to initiate a counterregulatory response and showed that L-lactate delivered locally to 
the VMH during systemic hypoglycemia decreased both epinephrine and norepinephrine 
secretion by 90%, and decreased glucagon secretion by 85%, as compared to the non-
metabolizable D-isomer control (58).  This suppression of the counterregulatory response by L-
lactate treatment was sufficient to require a four-fold increase in exogenous glucose infusion 
over the D-lactate treatment to maintain systemic hypoglycemia (58).  Lactate in the VMH has 
been shown to affect the action potential firing frequency of glucosensing neurons, but not non-
glucosensing neurons, suggesting a possible role of lactate in neuronal energy-status signaling 
(19).  Like glucose, lactate increases action potential frequency in VMH GE neurons.  However, 
lactate and glucose have opposite effects in VMH GI neurons.  While glucose inhibits action 
potential frequency in GI neurons, lactate increases its firing rate (19).  Furthermore, lactate has 
been shown to decrease glucose sensitivity of VMH GI neurons following recurrent 
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hypoglycemia (34).  These findings suggest that reduced sensitivity of VMH GI neurons may be 
implicated in reduced glucosensation following recurrent hypoglycemia. 
A highly controversial topic regarding the cellular machinery of neuronal glucose 
metabolism is the astrocyte-neuron lactate shuttle (59, 60).  This hypothesis originally proposed 
that activation of a specific brain area requires increased neuronal glucose utilization and that 
glutamate, the most abundant excitatory neurotransmitter, both depolarizes neurons through 
receptor binding and stimulates astrocytic aerobic glycolysis.  Upon release from active 
synapses, glutamate can be taken into astrocytes via Na+-dependent astrocytic excitatory amino 
acid transporters (EAAT), to stimulate aerobic glycolysis and astrocytic lactate is then capable of 
supplying the energy necessary for neuronal activity (59).  In conditions created by HAAF, low 
glucose availability in the brain would necessitate alternate fuel utilization and increased lactate 
production could serve not only to provide a neuronal energy substrate, but also to generate a 
signal of low glucose availability through GI neurons. 
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CHAPTER 2: Biochemical analysis of the ventromedial hypothalamus (VMH) and CA1 
region of the hippocampus in response to acute and recurrent hypoglycemia using a 
metabolomics approach 
 
INTRODUCTION 
 
 Individuals with type 1 diabetes mellitus and advanced type 2 diabetes diabetes mellitus 
require insulin administration for glycemic control and rely on the sympatho-adrenal response 
(glucose counterregulatory response) for protection against hypoglycemia.  Overestimation of 
the necessary dose of insulin commonly occurs in this population and results in frequent episodes 
of mild to moderate hypoglycemia (1).  Recurrent hypoglycemia causes a reversible blunting of 
this counterregulatory response through a mechanism that is not well understood.  The 
ventromedial hypothalamus (VMH) is a brain region that has been shown to initiate the 
counterregulatory response to hypoglycemia (2-4) and we hypothesize that local metabolic 
changes following acute and recurrent hypoglycemia can be identified through identification and 
quantification of tissue biochemicals.   
To date, a metabolomics approach to investigating the mechanisms underlying impaired 
glucose counterregulation in the VMH has not been documented.  Metabolomics is a term used 
to describe the identification and quantification of small molecules in a cell, tissue, or organism 
that are involved in a biological process (5).  This technique can be used to complement the 
quantitative analyses of gene transcripts (transcriptomics) or proteins (proteomics) to gain insight 
into the metabolic state of a highly dynamic biological system under specified conditions. 
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A single episode of hypoglycemia has been shown to yield significant deficits in the 
compensatory response to subsequent episodes of hypoglycemia, including decreased plasma 
glucagon, corticosterone, and epinephrine (6).  Such compensatory deficits result in significantly 
lower VMH extracellular glucose concentrations following 3 recurrent episodes of 
hypoglycemia, even after euglycemia is restored (2).  During insulin- induced hypoglycemia, 
extracellular norepinephrine in the VMH has been shown to increase (4) and increased 
norepinephrine mediates the increase in extracellular GABA (7).  Increased GABAergic tone has 
been suggested to contribute to the impaired glucagon secretion in response to hypoglycemia and 
that suppression of GABAergic activity in the VMH is necessary for full activation of the 
glucose counterregulatory response (8).  Furthermore, local administration of lactate to the VMH 
has been shown to increase VMH GABA levels (9) and decrease systemic epinephrine and 
norepinephrine secretion by 90% and glucagon secretion by 85% (10).  Lactate is a neuronal fuel 
source that may be derived from astrocyte glycogen during periods of stress (11) or low 
peripheral glucose (12). 
A study using nuclear magnetic resonance (NMR) demonstrated that rats treated with 
insulin-induced hypoglycemia exhibited levels of brain glycogen that were elevated above 
baseline (supercompensation) following recovery of euglycemia (13) and Gruetter et al. 
suggested that an increased capacity for brain glycogen storage may be associated with blunted 
counterregulation by supplying glucose locally even in times of peripheral glucose deficit (12, 
13).  This idea was supported by one study showing that brain glycogen is mobilized during 
moderate hypoglycemia, then supercompensated during recovery of euglycemia in healthy 
humans and another showing that glycogen accumulation is elevated in the rat hypothalamus 
following hypoglycemia (14).  Our lab has also demonstrated that infusion of a glycogen 
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phosphorylase inhibitor into the rat VMH prior to hypoglycemia reduced VMH extracellular 
glucose and lactate concentrations more rapidly and to a lower concentration compared to 
control (15).  This study further showed that the attenuated glycogen mobilization following 
recurrent hypoglycemia resulted in partial restoration of the sympathoadrenal response (15).  
However, our lab and others (16) have not demonstrated the phenomenon of brain glycogen 
supercompensation, calling to question whether it is supercompensation that contributes to 
impaired glucose counterregulation or metabolism of brain glycogen through an alternative 
mechanism.  Herzog et al. (16) demonstrated that brain glycogen content does not increase above 
baseline following hypoglycemia and that glycogen levels recovered more rapidly in rats 
exposed to 3 recurrent episodes of hypoglycemia than a single episode, suggesting that glycogen 
mobilization  or recovery, and not glycogen supercompensation, is responsible for the 
progression of HAAF. 
The VMH contains two main types of glucosensing neurons, glucose-excited and 
glucose-inhibited neurons, which increase or decrease their firing rate, respectively, as local 
glucose concentrations increase (17, 18).  One hypothesized mechanism for blunting of the 
glucose-counterregulatory response is that the sensitivity of these glucosensitive neurons is 
reduced by lactate.  Some researchers have suggested that lactate alters the sensitivity of glucose-
inhibited neurons in vitro, however the evidence is conflicting.  One group showed that glucose-
inhibited neurons were excited by lactate in both high and low glucose conditions (19), while 
another group showed that lactate inhibited the firing rate of glucose-inhibited neurons (20).  
Recently, lactate has been suggested to contribute to counterregulatory failure following 
antecedent hypoglycemia by increasing VMH levels of gamma-aminobutyric acid (GABA) (9).   
We hypothesized in the current experiment that glucose, lactate, and GABA would be 
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increased in the VMH tissue following a single episode of hypoglycemia compared to control 
and increased to a greater degree following 3 recurrent episodes.  Since these changes are 
associated with impairments in the ability to initiate the counterregulatory response, these 
changes would not be reflected in the CA1 region of the hippocampus, an area that is not 
believed to be involved in glucose counterregulation.  Furthermore, we expected to identify 
novel metabolites that are associated with impaired counterregulation that can be used for future 
hypothesis testing. 
 
MATERIALS AND METHODS 
 
All experimental procedures involving animals were approved by the Institutional Animal 
Care and Use Committee (IACUC) of the University of Illinois, which adheres to policies set 
forth by the United States Department of Agriculture (USDA) and the Association for 
Assessment and Accreditation of Laboratory Animal Care (AAALAC). 
 
Surgery 
Male Sprague-Dawley rats (N=30; approximately 250 g body weight; Charles River, 
Wilmington, MA) were singly-housed in Plexiglas cages (30 X 30 X 38 cm) and acclimatized to 
a 12 h photoperiod in a temperature (26 ± 2°C)-controlled room, for seven days prior to surgery.  
A rodent chow diet (Teklad 8640; Harlan Laboratories, Indianapolis, IN) and fresh water was 
available at all times, except where noted. 
After a one-week acclimation period, rats were anesthetized with a mixture of ketamine 
HCl, xylazine HCl, and acepromazine in saline (0.1 mL/kg body weight; 30:6:1 mg/kg, i.m.) for 
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the implantation of vascular catheters. The scalp and neck were shaved and prepared with an 
antiseptic solution of povidone-iodine (10% w/v).  Vertical incisions (1 cm) were made in the 
neck for the aseptic placement of silastic catheters into the right jugular vein.  The catheters were 
tunneled subcutaneously and exteriorized through a 1 cm incision in the scalp.  Neck incisions 
were closed with surgical staples.  The jugular catheters were filled with heparinized (500 
units/mL) polyvinylpyrrolidone (40% w/v) solutions to maintain patency.  Four stainless steel 
screws were embedded into the skull to serve as anchors and the vascular catheters were affixed 
to the skull with dental acrylic cement. 
Following surgery, rats were administered 5 mL warmed saline (0.9% NaCl w/v) and 0.1 
mL carprofen (20 mg/mL) in saline subcutaneously and provided an isothermal heating pad until 
the animals regained sternal recumbency.  The analgesia protocol was to provide carprofen-
supplemented drinking water (0.2 mg/mL) for 3 d prior to and 3 d following surgery.  Rats were 
monitored for 7 days post-surgery to ensure a full recovery prior to sampling. 
 
Experimental Design 
For 3 consecutive days, 10 rats were administered a single dose of insulin (3 units/kg 
body weight) in saline to induce hypoglycemia (blood glucose ≤ 3.3 mM) and 20 rats were 
administered saline alone via the jugular catheter.  Blood glucose concentration was measured 
using an Analox Glucose Analyzer (GM9D; Analox Instruments, London, UK).  Blood samples 
were centrifuged and plasma was stored at -80 °C.  On the fourth day, 10 of the saline-treated 
rats received insulin to induce a single bout of hypoglycemia (as described previously).  Six 
hours after the single bout of insulin- induced hypoglycemia (IIH-6h; n = 10) and 24 h after the 3 
recurrent treatments of insulin- induced hypoglycemia (IIH-24h; n = 10) or saline control (CTRL; 
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n = 10), animals were euthanized by head-focused microwave irradiation.  Rat brains were 
extracted; the left and right VMH and CA1 region of the hippocampus (HPC) were dissected and 
stored at -80 °C until ready for analysis. 
 
Characterization of Metabolites 
Left and right samples from the 10 animals of each treatment produced a total of 20 VMH 
and 20 HPC samples per treatment.  The 20 samples from each tissue were pooled into 5 
biological replicates (n = 5; each replicate consisting of 4 pooled sampes) due to limited sample 
quantity.  Samples were processed and analyzed by Metabolon (Metabolon, Inc., Durham, NC) 
through previously described methods (21, 22).  The protein fraction from each pooled sample 
was precipitated from plasma or tissue homogenate with methanol, removed through solvent 
extraction and measured with the Bradford protein assay (23).  dsDNA was extracted and 
quantified by the PicoGreen assay (24).  The resulting supernatant was split into 3 aliquots, dried 
by vacuum-dessication, and small molecules were analyzed by liquid chromatography-tandem 
mass spectrometry (LC/MS/MS) for acidic and basic species and by gas chromatography-mass 
spectrometry (GC/MS). 
LC/MS/MS analyses were performed on a Waters ACQUITY UPLC (Waters Corp., 
Milford, MA) and a Thermo Finnigan LTQ mass spectrometer with electrospray ionization and 
linear ion-trap mass analyzer (Thermo Fisher Scientific, Inc., Waltham, MA). Sample fractions 
were split into two aliquots and analyzed under acidic and basic conditions by gradient elution 
with mobile phases composed of water and methanol, both containing either 0.1% formic acid or 
6.5 mM ammonium bicarbonate.  The MS instrument scanned 99-1000 m/z and alternated 
between MS and MS/MS scans using dynamic exclusion with approximately 6 scans per second.  
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GC/MS analyses were performed on a Thermo Finnigan TRACE DSQ single-quadrupole mass 
spectrometer using electrospray ionization following derivitazation with equal parts of N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA) and solvent mixture containing acetonitrile, 
dichloromethane, and cyclohexane (5:4:1, respectively) with 5% triethylamine at 60°C for one 
hour.  The GC column was 5% phenyl and the temperature ramp was from 40° to 300° C in 16 
min.   
Three types of controls were analyzed in concert with the experimental samples; aliquots 
of a well-characterized human plasma pool served as technical replicates throughout the data set, 
extracted water samples served as process blanks, and a cocktail of standards spiked into every 
analyzed sample allowed instrument performance monitoring.  Experimental samples and 
controls were randomized across platform run days.  Compounds were identified by automated 
comparison of ion characteristics, which include MS spectra, mass-to-charge ratio (m/z), 
preferred adducts, and fragmentation pattern, to a reference library of purified standards.  
Metabolomics data was inspected for quality and assembled into chemical libraries (25).  Inter-
day variation for each instrument was corrected by normalizing with internal standards.  
Statistical analyses of log-transformed data were performed with the program, “R” (www.r-
project.org).  Missing values were assumed to be below the limits of detection and these values 
were imputed with the compound minimum.  Pair-wise comparisons were performed using 
Welch’s two sample t-tests to determine whether the means of two populations were statistically 
different and p ≤ 0.05 was taken as significant.  An estimate of the false discovery rate (FDR; q-
value) was calculated to assess the possibility of a compound meeting the statistical cut off of p ≤ 
0.05 by chance alone (26). 
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RESULTS 
 
 A total of 180 biochemicals were identified and quantified.  Instrument variability based 
on the median relative standard deviation (RSD) of internal standards was calculated to be 6%.  
Median RSD of endogenous metabolites in technical replicates of each sample was calculated to 
be 11%.  dsDNA content in each sample was used to normalize the relative abundance for each 
metabolite prior to statistical analyses.  Pair-wise comparisons of DNA-normalized data showed 
that at a statistical cutoff of p ≤ 0.05, glucose, lactate, and GABA concentrations were not 
significantly different across treatment groups in both tissues (Appendix Table 2.1).  There was a 
trend of increased lysolipid concentrations in IIH-24h compared to IIH-6h in VMH, with both 2-
docosapentaenoylglycerophosphoethanolamine (p = 0.01) and 2-
docosahexaenoylglycerophosphoethanolamine (p = 0.02) being significantly increased by 2.41-
fold.  Desmosterol, a precursor in cholesterol synthesis, decreased in VMH IIH-6h, while it 
increased in IIH-24h and the difference between treatments was 2.17-fold (p = 0.04).  The 
difference in cholesterol concentration in these two treatments was 1.88-fold, but not found to be 
significantly different (p = 0.07).  The concentration of 2-hydroxyglutarate was elevated (p = 
0.07), but not significantly different in the VMH IIH-6h treatment compared to CTRL and was 
significantly increased by 3.31-fold in VMH IIH-24h compared to CTRL (p = 0.02).  Guanosine 
concentration was significantly increased in the VMH IIH-6h treatment compared to CTRL by 
2.7-fold (p = 0.02).  Heme was elevated by 5.51-fold in HPC IIH-6h compared to CTRL, but not 
found to be significantly different (p = 0.07). 
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DISCUSSION 
 
Metabolomic approaches to studying the mammalian brain has been met with the 
challenge of rapid postmortem degradation of high-energy metabolites.  However, this hurdle can 
be overcome through the use of head-focused microwave irradiation, which effectively ceases 
the enzymatic activity involved in the decomposition of brain metabolites within fractions of a 
second (27).  While we used head-focused microwave irradiation in the current experiment prior 
to tissue dissection, concentrations of high-energy organic phosphates, glucose, and lactate 
concentrations were not found to be significantly different between treatment groups in both the 
VMH and HPC.  Changes in extracellular glucose, lactate, and GABA concentrations have been 
observed previously, but intracellular concentrations that contribute to the total tissue 
concentrations may have masked any changes that may have occurred in the extracellular pool. 
Lysolipid concentrations in VMH IIH-6h and IIH-24h treatments were not significantly 
different from CTRL.  However, there was a trend of increased lysolipid concentrations in IIH-
24h compared to IIH-6h in VMH.  Only two lysolipids were significantly increased, but six 
others were elevated and approached significance.  Lysolipids and fatty acids are the hydrolysis 
products of phospholipids (28).  Increased levels of lysolipids in the VMH IIH-24h treatment and 
decreased lysolipid concentration in the IIH-6h treatment relative to control may be indicative of 
decreased phospholipid turnover after a single episode of hypoglycemia, but increased 
membrane lipid turnover after 3 recurrent episodes.  This is consistent with the breakdown of 
transmembrane ion gradients in response to conditions of depleted energy availability, such as 
hypoglycemia, hypoxia, and ischemia (29, 30).  The mammalian brain is comprised of 
approximately 45% phospholipids by dry weight and phospholipid metabolism has been 
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estimated to consume up to 20% of net brain ATP utilization (31); decreased membrane lipid 
turnover in the VMH may serve an energy-sparing role during the recovery from a bout of 
hypoglycemia.  Desmosterol and cholesterol levels were not significantly different in IIH 
treatments relative to control, but were decreased in VMH IIH-6h and increased in IIH-24h.  
Increased desmosterol (2.17-fold, p = 0.04) and cholesterol (1.88-fold, p = 0.07) levels in the 
VMH IIH-24h relative to IIH-6h are consistent with altered phospholipid metabolism.  At this 
time, strong conclusions cannot be made on the metabolic role of lipids in the VMH during 
hypoglycemia and will require future investigation. 
Levels of 2-hydroxyglutarate in the VMH showed a trend toward being elevated 
following a single episode of hypoglycemia (p = 0.07) and was significantly increased after 3 
recurrent episodes of hypoglycemia by 3.31-fold (p = 0.02) compared to control.  The role of 2-
hydroxyglutarate in the VMH is not understood, but 2-hydroxyglutarate is thought to act as a 
competitive inhibitor of alpha-ketoglutarate-dependent chromatin-modifying enzymes, including 
histone demethylases, resulting in DNA hypermethylation and altered metabolic states (32-34).  
2-hydroxyglutarate has also been shown to modulate transcriptional activity of the hypoxia-
inducible factor pathway (32) to shunt glucose utilization away from oxygen-dependent 
tricarboxylic acid cycle towards oxygen-independent glycolysis and production of lactate and 
pyruvate (35).  Because lactate and pyruvate concentrations were not found to be significantly 
increased, these results support the former hypothesis that increased increased 2-
hydroxyglutarate alters VMH counterregulation through DNA hypermethylation and downstream 
changes in gene expression.  Interestingly, the actions of 2-hydroxyglutarate have been suggested 
to be reversible and reversion time was dependent on duration and dose of 2-hydroxyglutarate 
exposure (36).  Since the time for restoration of an impaired counterregulatory response is also 
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dependent upon the frequency and severity of hypoglycemic events, we hypothesized that VMH 
activation of the sympathoadrenal response may become increasingly impaired with increasing 
concentration of 2-hydroxyglutarate. 
In VMH samples, guanosine was significantly increased 2.7-fold in IIH-6h relative to 
CTRL, though guanosine 5’-triphosphate (GTP) level was unchanged.  Increased guanosine 
concentrations may be necessary for GTP synthesis during hypoglycemia to mobilize glycogen 
through G-protein signaling.  Heme concentration in the HPC was increased 5.51-fold (p = 0.07) 
in the IIH-6h treatment compared to CTRL, which suggests that oxygen utilization is increased 
in the hippocampus following hypoglycemia. 
 
CONCLUSIONS 
 
 In summary, the changes in VMH glucose, lactate, and GABA concentrations that we had 
expected were not observed in the current experiment.  While changes in extracellular 
concentrations of these biochemicals have been previously measured to be lower, the 
contribution of the intracellular pool (from elevated glucose and lactate uptake or 
neurotransmitter vesicles) to total tissue concentrations may negate any measurable differences 
in concentration.  However, new metabolites of interest have been identified for future study, 
which include 2-hydroxyglutarate and phospholipids.  Changes to DNA methylation and 
membrane phospholipid turnover in the VMH in response to single and recurrent episodes of 
hypoglycemia have not been reported previously and warrant investigation. 
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CHAPTER 3: Analysis of gene expression in the VMH in response to acute and recurrent 
hypoglycemia using a next generation sequencing transcriptomics approach 
 
INTRODUCTION 
In the previous chapter, we tested the hypothesis that tissue concentrations of glucose and 
lactate are increased in the VMH following hypoglycemia and found no significant difference, 
but found changes in the VMH lipid profile that were associated with the hypoglycemia 
treatments instead.  In this chapter, we tested the hypothesis that glycogen metabolism is 
increased in the VMH following hypoglycemia.  We also sought to identify novel gene 
transcripts associated with the hypoglycemia treatments and in particular, genes associated with 
lipid metabolism that are consistent with altered lysolipid and cholesterol profiles as we observed 
in the previous chapter.  While the profiling and quantification of all VMH proteins and peptides 
(proteomics) would provide the greatest insight into how hypoglycemia alters the metabolome, a 
number of challenges make a proteomic approach difficult at best with the currently available 
technology.  In particular, accurate quantification is not currently possible due to the fact that 
proteins are highly labile, can interact with many different molecules, cannot be easily amplified, 
or have multiple post-translational modifications (1).  For this reason, we chose to use the 
quantitative analysis of gene activity, or transcriptomics. 
In the current study, we investigated the changes in gene transcript expression associated 
with acute and recurrent hypoglycemia using the same model developed in the previous chapter.  
We hypothesized that impaired glucose counterregulation is the result of altered glucose 
metabolism in the VMH and that increased glycogen turnover following hypoglycemia impairs 
proper glucose sensing during subsequent episodes of hypoglycemia, resulting in progressively 
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lower blood-glucose levels.  To evaluate the expression changes of genes relating to glycogen 
metabolism and to identify novel gene targets for generating new hypotheses, we utilized the 
high-throughput technique of RNA sequencing (RNAseq).  RNAseq is a tool that provides more 
precise measurements of transcript levels and their isoforms than any other currently available 
method by offering single base resolution, low background noise, a high dynamic range to 
quantify gene expression level, and requiring low quantities of RNA (2).  We also utilized 
quantitative real time-PCR (RT-PCR) with different biological replicates to validate the gene 
expression changes observed in the RNAseq data.  Together, RNAseq and RT-PCR are used here 
to measure the potential for a change in the enzymes that influence glycogen metabolism in the 
VMH, the glucose-sensing region in the brain that initiates the counterregulatory response. 
Since we expected increased glycogen turnover following hypoglycemia, the genes 
necessary to facilitate glycogen metabolism must be increased.  In particular, we expected to see 
increased expression of glycogen phosphorylase, which catalyzes the rate-limiting step in 
glycogen mobilization by cleaving a glucose subunit (as α-D-glucose-1-phosphate) from 
glycogen, a glucose polymer.  We also expected to see increased expression of phosphorylase 
kinase, which serves to activate glycogen phosphorylase through phosphorylation.  In addition to 
increased glycogenolysis, we expected increased glycogen synthesis, which is facilitated through 
glycogen synthase, its catalytic activation by glycogen synthase kinase, and the generation of the 
glycogen precursor, UDP-glucose, by UDP-glucose pyrophosphorylase.  Assuming that glycogen 
turnover is increased, we also expected increased glucose utilization and therefore increased 
expression of the rate-limiting enzymes in glycolysis and the tricarboxylic acid cycle, 
hexokinase, phosphofructokinase, pyruvate kinase, and isocitrate dehydrogenase.  Alternatively, 
if VMH glucose availability from glycogen is increased, activity of the pentose phosphate 
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pathway may be increased, as indicated by increased expression of 6-phosphogluconolactonase 
and ribose-5-phosphate isomerase.  Due to the high-throughput nature of RNAseq, we not only 
expected to test our hypothesis, but we also expected to exploit the exploratory nature of next 
generation sequencing,to identify novel gene transcripts and  quantify their expression levels , 
which would add to our understanding of the pathology of HAAF by contributing to new, 
testable hypotheses. 
 
MATERIALS AND METHODS 
 
All experimental procedures involving animals were approved by the Institutional Animal 
Care and Use Committee (IACUC) of the University of Illinois, which adheres to policies set 
forth by the United States Department of Agriculture (USDA) and the Association for 
Assessment and Accreditation of Laboratory Animal Care (AAALAC). 
 
Surgery 
Male Sprague-Dawley rats (approximately 250 g body weight; Charles River, 
Wilmington, MA) were singly-housed in Plexiglas cages (30 X 30 X 38 cm) and acclimatized to 
a 12 h photoperiod in a temperature (26  ± 2 °C)-controlled room, for seven days prior to surgery.  
A rodent chow diet (Teklad 8640; Harlan Laboratories, Indianapolis, IN) and fresh water was 
available at all times, except where noted. 
After a one-week acclimation period, rats were anesthetized with a mixture of ketamine 
HCl, xylazine HCl, and acepromazine in saline (0.1 mL/kg body weight; 30:6:1 mg/kg, i.m.) for 
the implantation of vascular catheters. The scalp and neck were shaved and prepared with an 
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antiseptic solution of povidone-iodine (10% w/v).  Vertical incisions (1 cm) were made in the 
neck for the aseptic placement of silastic catheters into the right jugular vein.  The catheters were 
tunneled subcutaneously and exteriorized through a 1 cm incision in the scalp.  Neck incisions 
were closed with surgical staples.  The jugular catheters were filled with heparinized (500 
units/mL) polyvinylpyrrolidone (40% w/v) solutions to maintain patency.  Four stainless steel 
screws were embedded into the skull to serve as anchors and the vascular catheters were affixed 
to the skull with dental acrylic cement. 
Following surgery, rats were administered 5 mL warmed saline (0.9% NaCl w/v) and 0.1 
mL carprofen (20 mg/mL) in saline subcutaneously and provided an isothermal heating pad until 
the animals regained sternal recumbency.  The analgesia protocol was to provide carprofen-
supplemented drinking water (0.2 mg/mL) for 3 d prior to and 3 d following surgery.  Rats were 
monitored for 7 days post-surgery to ensure a full recovery prior to sampling. 
 
Experimental Design 
For 3 consecutive days, rats were administered a single dose of insulin (3 units/kg body 
weight) in saline to lower blood glucose below a threshold of 3.3 mM (hypoglycemia) or saline 
alone via the jugular catheter.  Blood glucose concentration was measured using an Analox 
Glucose Analyzer (GM9D; Analox Instruments, London, UK).  Blood samples were centrifuged 
and plasma was stored at -80 °C.  On the fourth day, half of the saline-treated rats received 
insulin to induce a single bout of hypoglycemia (as described previously).  Six hours after the 
single bout of insulin-induced hypoglycemia (IIH-6h; n = 7), 24 h after the 3 recurrent treatments 
of insulin- induced hypoglycemia (IIH-24h; n = 9) or 24 h after saline control (CTRL; n = 7), 
animals were euthanized by decapitation.  Rat brains were extracted, the left and right VMH 
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were dissected, and RNA was extracted using Qiagen RNeasy kits (Qiagen; Venlo, Netherlands).  
Extracted RNA quantity was measured with a nanodrop and quality was evaluated by 
Bioanalyzer RNApico.  RNA sequencing was performed using an Illumina HiSeq2000 for 
single-reads. 
 
RNA Sequencing 
Raw FASTQ data was quality-trimmed from the 3’ end using the program FASTQ 
Quality Trimmer using a minimum PHRED quality score of 25 and reads with a trimmed length 
< 40 bp were removed with Filter FASTQ v. 1.0.0 (3).  The sequences were then aligned using 
TopHat v. 2.0.5 (4) and Bowtie v. 2.0.1 (5) using the default parameters and the 
Rattus_norvegicus.Rnor_5.0.70 genome from Ensembl (6).  The raw read counts were tabulated 
for each sample at the gene level using the GTF gene model file for 
Rattus_norvegicus.Rnor_5.0.70 from Ensembl and htseq-count, from HTSeq v. 0.3 (7) using the 
default "exon" feature type,  "gene_id" attribute and the "-m intersection-nonempty" parameter.  
The raw read counts were input into R v. 3.0.1(8) for data pre-processing and statistical 
analysis using packages from Biocondutor (9) as indicated below.  Genes without 1 count per 
million (CPM) mapped reads in at least five samples, irrespective of treatment or experiment 
batch, were considered unreliable and filtered out.  Pairwise comparisons between all three 
treatment groups and an overall one-way ANOVA were pulled from the model.  Raw count 
values were transformed to modified log2 counts per million using the voom method (10) and 
residuals from the voom values were calculated to account for total library size of each sample 
and total RNA content between samples.  Principal component analysis (PCA) was performed in 
R (8) on all residual values, then repeated on a subset of genes with either statistically significant 
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expression or involvement with glucose metabolic pathways.  Genes that were correlated with 
statistically significant principal components were determined and Database for Annotation, 
Visualization, and Integrated Discovery (DAVID) Bioinformatics Resources v. 6.7 was used to 
cluster genes into function groups (11).  Additional annotation information (gene names, 
descriptions and Gene Ontology terms) was obtained from Ensembl v. 72, Rattus norvegicus 
genes (Rnor_5.0) using the biomaRt package (12). 
 
Reverse Transcription, Real-Time PCR 
To test the hypothesis that recurrent systemic hypoglycemia increases hypothalamic 
glycogen mobilization and lactate utilization and to validate the gene expression changes 
observed using RNAseq, additional VMH samples were collected from rats and Qiagen RT2 
Profiler PCR Arrays (Qiagen; Venlo, Netherlands) were used to quantify expression of 84 genes 
relating to glucose metabolism.  Differential gene expression changes were determined using the 
2−ΔΔCT  method (13). 
 
RESULTS 
 
Principal Component Analysis & DAVID 
A total of 26,405 genes were identified, of which only 14,360 genes had a minimum of 1 
count per million (CPM) mapped reads in at least five samples, irrespective of treatment or 
experiment batch.  Of these 14,360 genes, only 686 genes were found to have statistically 
significant differences between treatment groups, acute hypoglycemia, recurrent hypoglycemia, 
and control, as indicated by the results of one-way ANOVA (Table 3.1; APPENDIX).  Principal 
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component analysis on these 686 normalized genes showed that the first principal component 
was a batch effect that could be removed by analyzing residuals.  PCA was repeated using 
residuals from 686 significant genes (Table 3.1; APPENDIX) plus 74 previously selected genes 
relating to glucose metabolism (Table 3.2; APPENDIX), which included some genes that were 
not found statistically significant by one-way ANOVA (Table 3.3; APPENDIX), to test our 
hypothesis.  From this PCA, 23.1% of the variance could be explained by PC1 and 20.4% by 
PC2, for a total of 43.5%.  When PC1 was plotted on the x-axis and PC2 was plotted on the y-
axis, the individual data points clustered by treatment group (Figure 3.1).  PC1 displayed 
statistically significant differences between treatment groups, with the acute treatment separating 
from control and recurrent [F(2,20) = 7.11, p = 0.005].  484 genes were significantly correlated 
with PC1, and therefore were termed “acute hypoglycemia-responsive” (Table 3.4; APPENDIX).  
PC2 also displayed significant differences between treatment groups, this time with control 
separating from acute and recurrent [F(2,20) = 14.90, p = 0.0001].  153 genes were significantly 
correlated with PC2, and were termed “hypoglycemia-responsive” genes (Table 3.5; 
APPENDIX).  Functional annotation clustering by DAVID indicated that glucose metabolism 
genes were associated with acute hypoglycemia-responsive genes (Table 3.6; APPENDIX) and 
hypoglycemia responsive genes (Table 3.7; APPENDIX). 
 
Glucose Metabolism Genes 
Glycogen phosphorylase (muscle isoform, Pygm) was among the highly significant acute 
hypoglycemia-responsive genes and showed a 1.48-fold increase in expression compared to 
control in the RNAseq data [F(1,14359) = 8.19, p = 0.002] (Figure 3.2).  Pygm was not found to 
be different in expression using RT-PCR, but the liver isoform of glycogen phosphorylase (Pygl) 
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in the RT-PCR data was significantly increased in both hypoglycemia-treated groups, by 3.16-
fold (p = 0.02) and 2.85-fold (p = 0.04) in acute and recurrent hypoglycemia groups, 
respectively, compared to control.  Phosphorylase kinase (beta isoform, Phkb) was increased by 
1.60-fold (p = 0.02) in the acute, but not recurrent hypoglycemia treatment in the RT-PCR.  Pygl 
expression was not, however, observed as being significantly different in the RNAseq.  Glycogen 
synthase genes (Gsy1 and Gsy2) were increased by 1.30-fold and 4.29-fold (p = 0.04 and 0.01, 
respectively) following acute hypoglycemia compared to control in the RT-PCR.  These gene 
expression changes were not observed using RNAseq.  UDP-glucose pyrophosphorylase was 
also increased in the acute hypoglycemia treatment compared to control, by 1.19-fold (p = 
0.002), but was not significantly different after recurrent hypoglycemia.  Isocitrate 
dehydrogenase 1 (Idh1) was increased following recurrent hypoglycemia by 1.13-fold compared 
to control [F(1,14359) = 4.00, p = 0.01] (Figure 3.3).  6-Phosophogluconolactonase (Pgls) was 
decreased following acute hypoglycemia by 1.28-fold compared to control [F(1,14359) = 3.68, p 
= 0.02] (Figure 3.4).   
 
Potential Genes of Interest 
Arachidonate 15-lipoxygenase (Alox15) expression was significantly different across 
treatment groups [F(1,14359) = 12.87, p = 0.0002], decreasing 3.18-fold following acute 
hypoglycemia compared to control (p = 0.05) and increasing 3.21-fold following recurrent 
hypoglycemia compared to control (p = 0.002).  Alox15 expression was also significantly 
correlated to both PC1 (R2 = 0.54, p = 6.25 E-05; Figure 3.5) and PC2 (R2 = 0.19, p = 3.55 E-
02; Figure 3.6).  Advanced glycosylation end product-specific receptor (Ager) expression was 
also statistically significant [F(1,14359) = 4.21, p = 0.03], decreasing 1.49-fold in the acute 
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hypoglycemia treatment relative to control (p = 0.02) and 1.26-fold in the recurrent 
hypoglycemia treatment relative to control (p = 0.04), but did not correlate with PC1 or PC2.  
Inducible nerve growth factor (Vgf, nonacronymic) trended toward statistical significance 
following acute hypoglycemia, increasing 1.28-fold compared to control [F(1,14359) = 4.19, p = 
0.07] and was significantly increased following recurrent hypoglycemia by 1.27-fold compared 
to control [F(1,14359) = 4.19, p = 0.01] (Figure 3.7). 
 
DISCUSSION 
 
Taken together, the results of this study support the possibility that altered glycogen 
metabolism in the VMH following acute and recurrent episodes of hypoglycemia may contribute 
to the blunted counterregulatory, sympathoadrenal response in HAAF.  Among the 84 glucose 
metabolism genes evaluated with RT-PCR in this study, only genes relating to glycogen 
metabolism were found to be statistically significant in acute and recurrent hypoglycemia 
treatment groups compared to control.  Results of the RNAseq and RT-PCR analyses showed 
some similar trends and treatment effects that did not entirely overlap, but this may be attributed 
to the use of different biological samples for the two techniques, which serves to strengthen the 
overall analysis.  The cumulative proportion of variance from the first two principal components 
of our RNAseq analysis was 43.5%, suggesting that nearly half of the insulin- induced 
hypoglycemia treatment effect could be explained by the gene expression changes that were 
significantly correlated with PC1 and PC2.  Some of the genes correlated with these principal 
components are involved in glycogen metabolism and support our hypothesis, while others that 
are not involved in glucose metabolism may help refine our hypothesis and contribute to novel 
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ones. 
Evidence for altered glycogen metabolism include highly significant increases in 
glycogen phosphorylase expression using both RNAseq and RT-PCR following a single episode 
of hypoglycemia, which was shown to remain elevated in expression after 3 recurrent episodes 
of hypoglycemia with RT-PCR.  Since phosphorylase kinase activates glycogen phosphorylase 
through phosphorylation and is thus necessary for glycogen mobilization, the data suggest active 
glycogen utilization 6 h after a single episode of hypoglycemia, but not 24 h after recurrent 
hypoglycemia. Increased glycogen phosphorylase expression 24h after recurrent hypoglycemia 
in the RT-PCR data suggests that the capacity for glycogen mobilization is elevated after 
recovery of euglycemia and into subsequent episodes of hypoglycemia.  Consistent with the 
observation that hypoglycemia increased phosphorylase expression in the VMH is work from our 
lab that demonstrated that inhibition of glycogen phosphorylase activity by infusion of 
isofagomine into the VMH reduced glucose and lactate availability as measured in 
microdialysate and that inhibition of VMH glycogen mobilization restored the sympathoadrenal 
response (14). 
Increased glycogen phosphorylase expression suggests that energy substrate availability 
in the VMH from mobilized glycogen may mask the sensation of energy deficit during 
subsequent hypoglycemia that leads to the pathology of impaired counterregulation.  In an 
analogous state, brain glycogen is mobilized and becomes depleted during hypoglycemia from 
prolonged physical activity (15) and is associated with a modulated sympathoadrenal response 
with increasing exercise intensity (16).  Some researchers have attributed the development of 
HAAF to an increase in absolute brain glycogen content in response to antecedent hypoglycemia, 
a phenomenon termed “super-compensation” (17-19).  However, others have not been able to 
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consistently replicate super-compensation following hypoglycemia (20, 21) and this discrepancy 
may be credited to differences in methodology, as super-compensation may be an artifact of 
rapidly raising glucose availability in circulation following hypoglycemia.  Nonetheless, 
replenishing brain glycogen stores appears to play an important role in the recovery from 
hypoglycemia.  We observed increased expression of glycogen synthase and UDP-glucose 
pyrophosphorylase 6 h after a single episode of hypoglycemia, which is consistent with studies 
demonstrating continued recovery of glycogen content hours after systemic euglycemia is 
restored (18, 20). 
While a concurrent change in gene expression supporting both increased glycogen 
mobilization and glycogen synthesis after just a single episode of hypoglycemia can be 
interpreted as no net change, it could also be taken as a net increase in glycogen turnover, as 
glucose subunits may be simultaneously added and removed from the same glycogen polymer in 
different positions.  Although measurements of glycogen content or glycogen phosphorylase 
phosphorylation and glycogen synthase dephosphorylation would be necessary to adequately 
demonstrate increased glycogen turnover in the VMH, these gene expression changes support a 
role of glycogen turnover contributing to the HAAF response.  Furthermore, measurement of 
glycogen turnover rate in the VMH may be more important than measures of glycogen synthesis 
or utilization alone.  Contrary to dogma, brain glycogen has recently been measured not only in 
glial cells, but also in neurons (22).  In primary cultured neurons exposed to hypoxic conditions, 
the first neurons to die were ones without the capacity to synthesize and mobilize glycogen.  
Metabolism of neuronal glycogen in the study was found to contribute to tolerance to hypoxic 
stress (22) and may have implications for neuronal glycogen metabolism in tolerance to 
hypoglycemic stress, resulting in HAAF. 
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The decrease in 6-phosophogluconolactonase following acute hypoglycemia suggests a 
decrease in pentose shunt activity, which serves as an anabolic alternative to glycolysis for the 
oxidative metabolism of glucose.  A decrease in this metabolic pathway suggests that following 
acute hypoglycemia, derivation of energy from glucose is largely catabolic, which is consistent 
with the increase in glycogen mobilization, but inconsistent with what is thought to be anabolic 
glycogen synthesis.  This lends credence to the idea that impaired counterregulation is the result 
of an altered metabolic fate of glucose in the hypothalamus.  Hexokinase expression in both 
RNAseq and RT-PCR was not found to be statistically significant, though Hexokinase 2 (Hk2) 
trended toward increased expression following both hypoglycemia treatments.  While increased 
glucose transport in the brain is unlikely to blunt the sympathoadrenal response (23), the 
expression of Hk2 could contribute to the observed decrease in extracellular glucose following 
hypoglycemia and to an increase in intracellular glycogen turnover. 
One hypothesis explaining the impaired counterregulatory response to hypoglycemia 
posits that increased concentrations of monocarboxylate fuel sources (lactate and fatty acids) and 
their transporters contribute to a shift in fuel utilization and cellular metabolism (24).  No 
changes in gene expression were observed to support an increase in lactate concentration or its 
transport.  However, Alox15, a lipoxygenase that oxidizes PUFAs and complex substrates such 
as phospholipid membranes, was found to not only be significantly correlated with both PC1 and 
PC2, but also exhibited significant changes in expression across treatments.  Decreasing 
significantly following acute hypoglycemia and increasing significantly following recurrent 
hypoglycemia, this change in gene expression is consistent with the changes in lysolipid profiles 
observed in Chapter 2 (Metabolomics), which showed increased concentrations of multiple 
lysolipids in IIH-24h compared to IIH-6h in the VMH.  It is not clear at this time whether this 
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lipoxygenase functions in generating potent cytotoxic and proinﬂammatory activity or is simply 
involved in cell membrane remodeling, changes in lipoxygenase enzymes have been implicated 
in negative health outcomes, including atherosclerosis (25) and cancer (26-28). 
Advanced glycosylation end product-specific receptor (Ager) is another gene that may 
contribute to changes associated with HAAF.  Ager expression was significantly decreased in 
both recurrent and acute hypoglycemia treatments compared to control.  While this may suggest 
that protein glycation and the generation of advanced glycation end products (AGEs) in the 
VMH may be increased in response to the hypoglycemia treatments, Ager was not found to be 
correlated to PC1 or PC2.  AGEs could possibly lead to local VMH pathologies that result in 
impaired glucose sensing or initation of a counterregulatory response.  Indeed, AGEs have been 
shown to block endothelial nitric oxide activity and lead to the production of reactive oxygen 
species (29).  Moreover, nitric oxide is known to play a role in VMH glucose homeostasis (30, 
31) and AGE receptor dysfunction is known to be linked with diabetic vascular disease (32, 33).  
Vgf inducible nerve growth factor showed a trend toward statistically significant increase in 
expression following acute hypoglycemia and was significantly increased following recurrent 
hypoglycemia compared to control.  Studies with knockout models have suggested that Vgf 
expression serves to modulate sympathetic outflow for the regulation of energy expenditure (34) 
and Vgf-deficient animals have exhibited blunted counterregulatory responses (35), suggesting 
that Vgf may be another strong candidate gene for future investigation. 
 
CONCLUSIONS 
 
While glycogen content was not quantified in this study, gene expression changes 
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observed with RNAseq and RT-PCR support a role of increased glycogen turnover in the blunted 
counterregulatory response that contributes to HAAF.  Hypotheses supporting a role of lactate in 
shifting the threshold for sympathoadrenal activation were not strongly supported, but a role of 
fatty acids in altered VMH metabolism may be an area for future investigation, as Alox15 
expression changes observed in this chapter complemented changes in cholesterol and lysolipid 
profiles from the previous chapter.  Changes in Ager gene expression also justifies additional 
research, as glycosylation of VMH proteins may result in altered function and impaired 
counterregulation.  Finally, dysregulation of Vgf gene expression may contribute to HAAF 
through its participation in hypothalamic glucose homeostasis and counterregulation, and is a 
strong candidate gene that warrants further investigation.  In the following chapter, we will 
address how isotope-labeled glucose measurements may be used to assess changes in glycogen 
turnover in the VMH. 
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Figure 3.1: Principal Component 1 vs. Principal Component 2 
 
 
Figure 3.2: Glycogen Phosphorylase (Muscle Isoform) Expression 
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Figure 3.3: Isocitrate Dehydrogenase 1 Expression 
 
 
Figure 3.4: 6-phosphogluconolactonase Expression 
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Figure 3.5: Arachidonate 15-lipoxygenase Expression 
 
 
 
Figure 3.6 Advanced Glycosylation End Product-Specific Receptor Expression 
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Figure 3.7 VGF Nerve Growth Factor Inducible Expression 
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CHAPTER 4: Glucose flux in the VMH in response to acute and recurrent hypoglycemia 
using isotopic labeling approach 
 
INTRODUCTION 
 In chapters 2 and 3 we measured concentration of biochemicals and expression of genes 
involved in metabolism in the VMH to gain insight into how the metabolism of the ventromedial 
hypothalamus (VMH) might have changed at time points after acute or chronic hypoglycemia.  
To summarize, in Chapter 2, we found that glucose, lactate, and their metabolites were not 
significantly different between treatments, but that products of phospholipid metabolism were 
elevated following recurrent bouts of hypoglycemia.  In Chapter 3, we found gene expression 
changes that reflected increased glycogen turnover and sustained potential for increased 
glycogen mobilization even 24 h after 3 recurrent episodes of hypoglycemia.  We also found that 
increased lipid metabolite concentrations observed in Chapter 2 could be explained in part by 
increased expression of a lipoxygenase enzyme in Chapter 3.  These data suggested that changes 
in VMH glycogen and lipid metabolism could contribute to the development of hypoglycemia-
associated autonomic failure (HAAF).  Given our findings and the literature in support of a 
possible link between brain glycogen metabolism in response to hypoglycemia and the 
progression toward counterregulatory failure, we decided to test the hypothesis that glycogen 
turnover increases with increasing recurrence of hypoglycemia. 
Previous studies have demonstrated that brain glycogen is rapidly metabolized during 
stressful conditions that include hypoxia, ischemia, and hypoglycemia (1-4) and that brain 
glycogen is capable of supplying local energy on the order of seconds to minutes, depending on 
demand.  The limited energy store provided by brain glycogen has been suggested to be 
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protective in acute metabolic stress, but also plays a larger role in normal, unstressed conditions.  
Dysregulation of brain glycogen metabolism contributes to severe pathologies that include 
hypoxia (5), Lafora disease (6), epilepsy(7), hypoglycemic seizures (8).  Recent work has 
demonstrated that under hypoxic conditions, active glycogen metabolism by cultured neurons in 
this study produced neuronal tolerance to hypoxic stress (5) and that abnormal glycogen 
accumulation results in the neurodegeneration associated with Lafora disease.  Choi and 
coworkers (9) first suggested an association between altered brain glycogen synthesis following 
insulin-induced hypoglycemia and the development of HAAF.  Specifically, they demonstrated 
that hypoglycemia caused brain glycogen content to rebounded to levels several times higher 
than basal concentrations (9).  While another study demonstrated this phenomenon after a single 
bout of vigorous exercise (10), others have suggested that brain glycogen super-compensation 
only occurs when recovery from hypoglycemia occurs rapidly by intravenous glucose injection 
and not when food is administered (11).  Modeling of in vivo 13C nuclear magnetic resonance 
(NMR) spectroscopy data from a study on five individuals with type 1 diabetes receiving 
[13C1]glucose has also suggested that glycogen supercompensation does not contribute to 
hypoglycemia unawareness and showed that brain glycogen content is lower in patients than in 
non-diabetic individuals (12).  However, their measurements were only in the occipital lobe and 
could not be validated with biochemical analyses.  Nevertheless, the role of glycogen 
metabolism in the blunting of the counterregulatory response is strongly supported by Barnes et 
al. (13), demonstrating that inhibition of glycogen phosphorylase by isofagomine infusion into 
the VMH prior to hypoglycemia reduced glucose and lactate availability (13).  Inhibition of 
glycogen mobilization after four recurrent episodes of hypoglycemia was shown to partially 
restore the counterregulatory response (13) further supporting the hypothesis that HAAF results 
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from dysregulation of glycogen metabolism.  Since counterregulation becomes progressively 
impaired with increasing recurrence of hypoglycemia, it stands to reason that impaired glycogen 
turnover persists even after euglycemia is restored.  The role of brain glycogen metabolism in the 
euglycemic state has not yet been elucidated and determining its function will be critical to 
understanding the underlying physiology in the dysregulated state. 
Flux is defined as the movement of a substance across a given space over time and unlike 
metabolomic analyses, which provide measurements of molecule concentrations at a particular 
moment in time, metabolic flux data can provide information over a span of time.  The rate at 
which molecules move through metabolic pathways is often governed by transcriptional 
regulation and enzyme activity, which makes metabolic flux analysis a strong complementary 
technique to metabolomics and transcriptomic approaches.  One method for measuring metabolic 
flux is to utilize isotope-labeled tracers.   Metabolic tracers are chemically and functionally 
identical to the compound of interest, but are fundamentally different, allowing for their 
detection (14).  In the case of isotope-labeled tracers, the most highly abundant isotopes of an 
element (e.g. carbon,12C) in a tracer molecule can be substituted with less abundant stable or 
radioactive isotopes (e.g. 13C or 14C, respectively).  Due to their limited abundance in nature, it 
becomes possible to differentiate an isotope-labeled tracer molecule from the tracee by using 
instruments that can accurately measure differences in atomic mass. 
We hypothesized that the rate at which glucose is utilized could be increased by recurrent 
hypoglycemia even in a euglycemic state following hypoglycemia and that the increased glucose 
demand could be supplied by VMH glycogen.  Meeting the VMH energy demand with local 
glycogen stores would ensure cell survival during future episodes of hypoglycemia, but could 
impair the sensing of hypoglycemia and the initiation of a counterregula tory response.  Testing 
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this hypothesis necessitated quantification of extracellular VMH glucose and discrimination of 
brain glycogen-derived glucose from glucose of the circulating plasma pool.  The sampling of 
VMH extracellular glucose was achieved using microdialysis and the discrimination of glucose 
from different pools was achieved by labeling the extracellular pool with stable isotope-labeled 
glucose.  Microdialysis is a technique by which a small, semi-permeable membrane is surgically 
implanted into a specific brain region and by slowly perfusing the membrane with an isotonic 
buffer, small molecules can diffuse across the membrane due to a concentration gradient and be 
collected for analysis.  By labeling the circulating plasma pool and the VMH extracellular 
glucose pool with a continuous infusion of [13C6]glucose, we were able to differentiate unlabeled 
glucose, which could be derived from glycogen, from the labeled plasma glucose pool.  We 
expected to see decreased label enrichment in the VMH microdialysate with increasing 
frequency of hypoglycemic episodes due to an increasing contribution of unlabeled glucose from 
VMH glycogen.  Coupled with subsequent episodes of hypoglycemia, local glucose sensing even 
under conditions of low peripheral glucose could explain how counterregulation grows 
progressively impaired. 
  
MATERIALS AND METHODS 
 
All experimental procedures involving animals were approved by the Institutional Animal 
Care and Use Committee (IACUC) of the University of Illinois, which adheres to policies set 
forth by the United States Department of Agriculture (USDA) and the Association for 
Assessment and Accreditation of Laboratory Animal Care (AAALAC). 
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Surgery 
Male Sprague-Dawley rats (approximately 250 g body weight; Charles River, 
Wilmington, MA) were singly-housed in Plexiglas cages (30 X 30 X 38 cm) and acclimatized to 
a 12 h photoperiod in a temperature (26  ± 2 °C)-controlled room, for seven days prior to surgery.  
A rodent chow diet (Teklad 8640; Harlan Laboratories, Indianapolis, IN) and fresh water was 
available at all times, except where noted. 
After a one-week acclimation period, rats were anesthetized with a mixture of ketamine 
HCl, xylazine HCl, and acepromazine in saline (0.1 mL/kg body weight; 30:6:1 mg/kg, i.m.) for 
the implantation of microdialysis guide cannulae and vascular catheters. The scalp, neck, and hip 
were shaved and prepared with an antiseptic solution of povidone-iodine (10% w/v).  Vertical 
incisions (1 cm) were made in the neck and the hip for the aseptic placement of silastic catheters 
into the right jugular vein and the left femoral vein, respectively.  The catheters were tunneled 
subcutaneously and exteriorized through a 1 cm incision in the scalp.  Neck and hip incisions 
were closed with surgical staples.  The jugular and femoral catheters were filled with heparinized 
(500 units/mL) polyvinylpyrrolidone (40% w/v) and glycerol solutions, respectively, to maintain 
patency.  Microdialysis guide cannulae were stereotaxically implanted 2 mm dorsal to the 
ventromedial hypothalamus (VMH) using the three-dimensional stereotaxic coordinates (AP = -
2.6, L = 0.8, D = 7.4 mm relative to Bregma) from a rat brain atlas (Paxinos and Watson, 6 th 
edition).  Four stainless steel screws were embedded into the skull to serve as anchors and the 
probe guide and vascular catheters were affixed to the skull with dental acrylic cement. 
Following surgery, rats were administered 5 mL warmed saline (0.9% NaCl w/v) and 0.1 
mL carprofen (20 mg/mL) in saline subcutaneously and provided an isothermal heating pad until 
the animals regained sternal recumbency.  The analgesia protocol was to provide carprofen-
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supplemented drinking water (0.2 mg/mL) for 3 d prior to and 3 d following surgery.  Rats were 
monitored for 7 days post-surgery to ensure a full recovery prior to sampling. 
 
Experimental Design 
For 3 consecutive days, rats (N=15) were administered a single dose of insulin (3 units/kg 
body weight) in saline to induce hypoglycemia (blood glucose ≤ 3.3 mM) or saline vehicle as a 
control via the jugular catheter.  Blood glucose concentration was measured using an Analox 
Glucose Analyzer (GM9D; Analox Instruments, London, UK).  Blood samples were centrifuged 
and plasma was stored at -80 °C.  On the fourth day, half of the saline-treated rats received 
insulin to induce a single bout of hypoglycemia (as described previously).  Two hours after the 
single bout of insulin-induced hypoglycemia and 20 h after the 3 recurrent treatments of insulin-
induced hypoglycemia or saline control (n=5), brain microdialysis probes were placed into the 
rat VMH probe guides.  Microdialysis probes were perfused with Krebs Ringer buffer at a rate of 
1.5 μL/min and the animals were allowed 3 h to reacclimatize.  Baseline samples of blood and 
dialysate were collected for 1 h. 
Using an estimate of average blood volume in a rat (15) and models for glucose kinetics 
in a non-steady state (16-18), we calculated an average plasma glucose turnover rate of 
approximately 9 mg/min/kg body weight.  By estimating the total glucose content in plasma at a 
7 mM (120% of baseline), we estimated that a priming dose of 5 mg [13C6]glucose per 300 g 
body weight would be necessary to label the entire plasma glucose pool to approximately 20% 
enrichment at our target glucose concentration.  A priming dose of 5 mg [13C6]glucose in 0.1 mL 
saline (5% w/v) per 300 g body weight was injected at t = 0, followed 60 seconds later by a 
continuous, variable-rate infusion of glucose (30% w/v; enriched to 20% with [13C6]glucose) into 
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the femoral vein catheter.  The initial infusion rate was set to match estimated plasma glucose 
turnover and adjusted as necessary to maintain a steady blood glucose level of approximately 7 
mM.  Brain microdialysate was collected at 20 min intervals for 2 hours once a fixed glucose 
infusion was reached.  After 2 h of a steady state glucose infusion, rats were anesthetized with 
the ketamine cocktail and euthanized by head-focused microwave irradiation.  The left and right 
VMH were dissected and stored at -80 °C. 
 
Measuring Glucose Enrichment 
Plasma and microdialysate samples were analyzed by gas chromatography-mass 
spectrometry with an Agilent 6890N gas chromatography system, 5973 mass selective detector, 
7683 autosampler, and HP-5ms capillary column (Agilent Technologies, Santa Clara, CA).  
Samples were dispensed into 5 μL aliquots in Eppendorf tubes and lyophilized.  Dried samples 
were derivatized by adding 80 μL of methoxyamine hydrochloride in pyridine (20 mg/mL; 
Sigma-Aldrich, St. Louis, MO) and incubating at 50°C for 1 h, then adding 80 μL of N-methyl-
N-trimethylsilyl-trifluoroacetamide (MSTFA; Sigma-Aldrich) and incubating at 50°C overnight.  
Standard solutions of [13C6]D-glucose and unlabeled D-glucose were derivatized by 
methoximation and trimethylsilylation to characterize the major derivatization products.  Two 
large, adjacent peaks resulted from the derivatization of each glucose standard, representing syn 
and anti products of carbonyl methoximation, and the sum of both peaks were used for analysis.  
Ions in the mass spectra with a mass-to-charge ratio (m/z) of 319 and 323 were determined to be 
major fragments of methoxime-trimethylsilylated [12C6]D-glucose and [
13C6]D-glucose, 
respectively.  The ratio of labeled to unlabeled glucose was used as a measure of isotopic label 
enrichment in each sample.   
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Statistical Analysis 
Data were analyzed using SAS version 9.3 (Statistical Analysis System, Cary, NC).  A p-
value less than 0.05 was considered statistically significant.  Data were first analyzed using a 
three way mixed effects ANOVA model with tissue (VMH or plasma), treatment (control, acute, 
recurrent) and time (90 min or 120 min) as factors and animal entered as a random effect to 
account for the repeated measures across levels for tissue and time.  Each time-point was also 
analyzed separately using repeated measures 2-way ANOVA with treatment (between subjects) 
and tissue (within-subjects) as factors.   Likewise, each tissue (plasma or VMH) was analyzed 
separately using repeated measures 2-way ANOVA with treatment (between subjects) and time 
(within-subjects) as factors.   Finally, analysis of covariance was used to predict VMH 
enrichment from plasma enrichment with treatment and the interaction between treatment and 
enrichment entered as categorical variables.    
 
RESULTS 
 
Blood glucose concentrations were maintained at 7.0 ± 0.3 mM (approximately 120% of 
basal levels) throughout the continuous glucose infusion and the infusion rate closely matched 
the predicted glucose turnover rate of 9 mg/min/kg body weight.  Ninety minutes after a 
continuous, constant-rate glucose infusion had been reached, plasma [13C6]glucose enrichment, 
as measured by the ratio of [13C6]glucose (tracer) to [
12C6]glucose (tracee), approached a steady 
state.  This was indicated by no significant difference in tracer enrichment at 120 min as 
compared to 90 min in plasma [F(1,10)= 0.79, p= 0.40] (Figure 1). 
Contrary to the plasma, in the VMH, levels of enrichment increased from 90 min to 120 
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min [F(1, 10) = 9.45, p = 0.012].  At the 120 time point, levels of enrichment were significantly 
greater in the VMH than in plasma [F(1, 12) = 10.17, p = 0.008].   No differences in enrichment 
between the tissues were detected at the 90 min time-point [F(1, 10) = 0.10, p = 0.76].  Overall, 
the hypoglycemia treatments had no significant influence on enrichment [F(2, 12) = 2.12, p = 
0.16] and there was no significant interaction between treatment and tissue type (plasma versus 
VMH), indicating that the difference in enrichment between VMH and plasma was not 
dependent on the treatments  [F(2, 12) = 1.85, p = 0.20] (Figure 2,3).   The overall analysis 
indicated a main effect of time [F(1, 10) = 5.14, p = 0.047], attributed to the VMH tissue as 
described above. No other main effects or interactions were significant. 
Plasma levels of enrichment were significantly correlated with VMH levels across 
subjects for the 90 min timepoint (Figure 4) [F(1,7) = 7.86, p = 0.03] and 120 min timepoint 
(Figure 5) (F(1,9) = 55.57, p < 0.0001).  There was a trend for a different linear relationship 
between plasma and VMH for the 90 min timepoint depending on the treatment, with the acute 
treatment showing a negative relationship (i.e., the greater enrichment in plasma the lower 
enrichment in VMH), whereas the other treatments showed positive relationships.  However, 
inspection of Figure 5, shows that this was likely due to a single outlier in the acute group. 
 
 DISCUSSION  
 
The purpose of this study was to investigate whether VMH glycogen turnover is 
increased following single and recurrent episodes of hypoglycemia by labeling the circulating 
plasma pool with [13C6]glucose.  Plasma tracer enrichment reached a steady state, providing a 
legitimate comparison between VMH tracer enrichment to plasma enrichment.  Because we 
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anticipated glycogen metabolism to be increased following acute and recurrent hypoglycemia, 
we expected decreased levels of tracer enrichment in the VMH microdialysate in the 
hypoglycemia treatment groups compared to control due to dilution of the [13C6]glucose-labeled 
VMH extracellular with unlabeled glucose from mobilized glycogen.  We also expected a 
significant interaction between sample type and hypoglycemia treatment due to increased 
glycogen turnover with increased recurrence of hypoglycemia.  However, contrary to our 
expectations, we observed higher tracer enrichment levels in the microdialysate than in the 
plasma across all treatments.  This seems to suggest that labeled glucose from plasma may be 
sequestered in the VMH extracellular pool due to preferential exclusion of labeled glucose for 
glycogen synthesis due to size constraints. 
If the VMH had only been utilizing plasma glucose for oxidative metabolism, we would 
have expected no change in label enrichment between the two sample types, as 13C-labeled 
glucose and unlabeled glucose are physiologically identical in vivo due to structural similarity 
and diffuse across the semi-permeable dialysis membrane without discrimination.  Furthermore, 
metabolism of labeled glucose through glycolytic, pentose phosphate shunt, or tricarboxylic acid 
cycle pathways would result in metabolites that are highly unlikely to return to its original state 
as glucose containing six 13C-labeled atoms.  On the other hand, sequestration of labeled glucose 
from plasma in the VMH extracellular pool could be attributed to normal glycogen turnover, as 
the six carbon atoms of each glucose subunit remain unaltered as they are added or removed 
from the glycogen polymer.  Although the six carbon atoms of glucose would remain unchanged 
through the cycling between glycogen subunits and free glucose, an increase in label enrichment 
in the VMH extracellular pool cannot be explained by increased glycogen metabolism alone, as 
unlabeled glucose has not been shown to be preferentially utilized for glycogen synthesis.  
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Measurement of glycogen label enrichment as well as total glycogen content would be necessary 
to demonstrate such differences in label accumulation.  However, accurate quantification of 
glycogen is met with a number of challenges, including rapid glycogen utilization upon death 
and relatively low label enrichment if glycogen is not depleted immediately prior to label 
infusion.  Rapid glycogen depletion upon death was addressed by using head-focused microwave 
irradiation to rapidly halt all enzymatic activity in the brain, but the inter-assay differences were 
still highly variable. 
Even though the hypoglycemia treatments did not significantly affect glucose tracer 
enrichment, it is possible that the effect sizes are smaller than we originally hypothesized hence 
requiring larger sample sizes to achieve statistical significance.  Alternatively, it is possible that 
glycogen turnover in the VMH plays no role in counterregulation.  At this time, we still believe 
that increased VMH glycogen turnover does contribute to HAAF, but that our current 
understanding of brain glycogen metabolism may not be complete.  The measurement of higher 
tracer enrichment in microdialysate than plasma across treatments, when we had expected to 
observe the opposite, is a demonstration of how our understanding of brain glycogen metabolism 
may be skewed.  The observation that tracer enrichment in the plasma was highly predictive of 
the enrichment level in microdialysate at 120 min was an expected result due to anticipated 
uptake of glucose by the brain from the blood, though it was predicted that the microdialysate 
levels would be lower than plasma when they were in fact higher.  In this study, we chose 
sampling times up to 24 h after recovery from hypoglycemia because impaired counterregulation 
induced by hypoglycemia requires as much as 3 days to return to a normal state (19).  Future 
studies may require measurements of brain glycogen metabolism during or shortly after recovery 
from hypoglycemia to best capture these changes in tracer enrichment and allow for comparison 
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with the body of literature showing acute hypothalamic changes in response to hypoglycemia.  
Additionally, microdialysis can provide temporal resolution to our understanding of brain 
glycogen metabolism, but we may require sensitive techniques measuring intracellular glycogen 
content and enrichment to complement these data with spatial resolution.  The measurement of 
other metabolites in microdialysate will also be necessary to understand the metabolic changes 
that occur in the VMH.  We were capable of measuring trace quantities of unlabeled lactate but 
not labeled lactate in our plasma samples and both forms of lactate were below detection limits 
in microdialysate samples.  Similarly, glutamate could only be identified in samples spiked with 
a standard, but not at physiologically relevant concentrations.  Since microdialysate volumes 
were small, it may be necessary to either pool samples for analysis or to optimize sample 
derivatization for lactate and glutamate GC/MS analysis. 
 
CONCLUSIONS 
 
Based on observations from our lab that local inhibition of glycogen phosphorylase in the 
VMH reduced available glucose and restored the sympathoadrenal response, we hypothesized 
that VMH glycogen mobilization increasingly contributes to extracellular glucose in the VMH 
with increasing recurrence of hypoglycemia and that this contributes to the development of 
HAAF.  Testing this hypothesis, we expected to see lower levels of label enrichment in the VMH 
microdialysate compared to plasma with increasing recurrence of hypoglycemia treatment, due 
to an increasing contribution of unlabeled glucose from glycogen.  We demonstrated that after 
reaching steady state plasma glucose enrichment with a [13C6]glucose infusion, there was no 
significant treatment effect of hypoglycemia on glucose tracer enrichment.  Furthermore, labeled 
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glucose in microdialysate became more enriched than in plasma at 120 minute time-point, even 
under basal conditions, which was an unexpected result.  We still believe that increased glycogen 
turnover may contribute to diminished counterregulation in HAAF, but that our current 
understanding of brain glycogen kinetics may not be complete.  The main effects of increased 
enrichment in VMH relative to plasma were driven by results for the acute treatment (6 hours 
after hypoglycemia; see Figs. 4.2 and 4.3). Therefore, one possibility that may be worth 
exploring is that the VMH continues to take up glucose for storage as glycogen 6 hours after 
hypoglycemia even when euglycemic, that is restored after 24 hours.  The increased enrichment 
at 120 time point relative to 90 min in VMH (Fig. 4.1) is also consistent with increased 
accumulation or absorption of circulating glucose in this tissue relative to plasma.  Future work 
examining glycogen kinetics at the 6 and 24 hour time-points after acute hypoglycemia could be 
profitable.  
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Table 4.1: [13C6]Glucose:[
12C6]Glucose (Tracer:Tracee) Enrichment 
 
 
 
  
Plasma Microdialysate Plasma Microdialysate
Control 1 0.122 0.128 0.137 0.144
Control 2 0.131 0.133 0.144 0.151
Control 3 0.107 0.116 0.115 0.116
Control 4 0.110 0.088 0.117 0.119
Control 5 0.114 0.114 0.108 0.118
Acute 1 0.107 0.155 0.151 0.170
Acute 2 0.123 0.124 0.123 0.121
Acute 3 0.126 0.122 0.117 0.133
Acute 4 0.116 0.124 0.136 0.149
Acute 5 0.126 0.133 0.143 0.144
Recurrent 1 0.123 0.127 0.129 0.127
Recurrent 2 - - 0.132 0.132
Recurrent 3 - - 0.128 0.125
Recurrent 4 0.127 0.144 0.135 0.145
Recurrent 5 0.193 0.155 0.159 0.159
Treatment Animal
[
13
C6]Glucose Enrichment (Tracer:Tracee)
90 min 120 min
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Figure 4.1: Tracer Enrichment by Sample Type  
 
Figure 4.2: Tracer Enrichment by Sample Type at 90 min 
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Figure 4.3: Tracer Enrichment by Sample Type at 120 min 
 
Figure 4.4: Plasma vs VMH Microdialysate Enrichment at 90 Min. 
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Figure 4.5: Plasma vs VMH Microdialysate Enrichment at 120 Min. 
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CHAPTER 5: Dysregulation of glucose and lipid metabolism in the VMH may contribute 
to the development of HAAF 
 
The overarching purpose of the thesis is to understand the how the biochemistry and 
physiology of the ventromedial hypothalamus changes in response to hypoglycemia.  We 
hypothesized that recurrent hypoglycemia increases energy reserves (e.g., glycogen, glucose, and 
lactate) in the VMH that protects the tissue from experiencing hypoglycemia, but impairs its 
ability to coordinate a counterregulatory response during subsequent hypoglycemia.  To test this 
hypothesis and to identify new targets for generating novel hypotheses, we took metabolomic 
and transcriptomic approaches, which focus on the measure of small molecules and gene 
expression, respectively.  We also used an isotope tracer approach to evaluate VMH glycogen 
turnover by measuring flux of glucose through the VMH extracellular compartment. 
Taken together, our results support the hypothesis that impaired counterregulation is 
associated with changes in glycogen metabolism, and lipid composition of the VMH.  Using the 
metabolomics approach, we confirmed that significant changes in biochemical composition of 
the VMH occur in response to hypoglycemia, but not in the CA1 hippocampus.  Glucose, lactate, 
and high-energy phosphates were hypothesized to be increased in the VMH following 
hypoglycemia, but no changes were observed.  Note that measurements were taken during 
euglycemia, hence it is possible that absolute concentrations at that time are unchanged, with the 
revised hypothesis that capacity for flux has increased as a long-term adaptation to the 
hypoglycemic event or events.  Isotopic labeling results were unable to determine whether there 
was in fact an increase in glucose turnover.  Results from the gene expression data showed 
increased glycogen synthesis and glycogen mobilization following acute hypoglycemia and 
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elevated capacity for glycogen mobilization even 24 h following recurrent hypoglycemia, which 
could signify an increasing dependence of VMH energetics on glycogen metabolism with 
increasing recurrence of hypoglycemia.   
Altered VMH energetics could also be associated with regulation of VMH lipid 
catabolism.  Metabolites of phospholipid metabolism (lysolipids) and cholesterol metabolism 
(cholesterol and desmosterol) were decreased in the acute treatment relative to recurrent in the 
VMH.  These biochemical changes were reflected by altered arachidonate 15-lipoxygenase gene 
expression observed using the RNAseq approach.  Decreased lysolipid concentration in the acute 
treatment compared to the recurrent treatment were complemented by significantly decreased 
Alox15 gene expression in the acute treatment relative to control and increased expression in the 
recurrent treatment.  In the same regard, cholesterol and desmosterol concentrations were 
decreased in the acute treatment and increased in the recurrent treatment.  Since Alox15 has been 
shown to catabolize lipid substrates and lysolipids are the product of phospholipid breakdown, 
altered Alox15 expression provides evidence supporting the altered lipid profile.  While the 
RNAseq results do not provide a causative relationship between Alox15 gene expression with 
altered lipid composition in this tissue, the direction of lipid metabolism regulation shows a trend 
that is consistent between the metabolome and transcriptome data sets.  Furthermore, the highly 
significant correlation of this gene with both of the significant principal components that were 
treatment-responsive, provides strong support for the hypothesis that Alox15 is closely 
associated with recurrent hypoglycemia treatment effects.  Hence, these were among the most 
robust findings, indicating that changes in the lipid composition of the VMH may be an 
important physiological adaptation to hypoglycemia that may be related to the faulty 
counterregulatory response.   
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The relative decrease in lysolipid and cholesterol concentration in the acute treatment 
indicated a decrease in lipid catabolism and conversely the relative increase in the recurrent 
treatment indicated increased lipid catabolism.  Plausible explanations for these observations 
currently remain speculative, but one direction for future hypothesis testing is that increased 
products of lipid catabolism are the result of cell membrane remodeling.  Since lipid composition 
of the cellular membranes can directly impact the diffusion of molecules, activity of membrane-
bound proteins, and bilayer fluidity, changes in tissue lipid profiles are likely to reflect altered 
membrane function that facilitates the activity of newly expressed genes.  These genes may 
include advanced glycosylation end product specific receptor, Vgf nerve growth factor, and 
others that were correlated with our significant principal components.  These changes in gene 
expression could be driven by 2-hydroxyglutarate, a biochemical associated with reversible 
histone methylation, which tended to increase in concentration from control to acute to recurrent.  
DNA hypermethylation that dysregulates carbohydrate and lipid metabolism in the VMH could 
certainly contribute to counterregulatory failure and warrants future hypothesis testing 
In conclusion, we investigated the changes in glucose metabolism that may result in 
protection of the VMH from recurrent hypoglycemic stress and impairment of its ability to 
coordinate a counterregulatory response.  We demonstrated that VMH glycogen may facilitate 
the pathophysiology of impaired counterregulation and we identified novel biochemicals and 
gene targets that were associated with the effects of recurrent hypoglycemia.  The most 
promising novel findings were changes in lipid metabolism, as reflected by the lysolipid profiles, 
cholesterol metabolites, and changes in arachidonate 15-lipoxygenase gene expression.  Altered 
glycogen turnover in the VMH may contribute to impaired counterregulation, but additional 
work that establishes a better foundational understanding of brain glycogen energetics will need 
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to be done before we reevaluate effects of recurrent hypoglycemia on glycogen turnover.  While 
much of the existing research on the underlying physiology of impaired glucose 
counterregulation has focused on changes in brain glucose, lactate, and glycogen metabolism, 
changes in brain lipid metabolism present a convincing and novel direction for future 
investigation. 
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APPENDIX 
Table A.1: Statistically Significant Genes 
  
  
Ensembl ID Gene Name F statistic Raw p-value Control Acute Recurrent
ENSRNOG00000033251 52.09 4.94E-09 0.80 -0.74 0.83
ENSRNOG00000020951 Slc4a1 16.30 4.69E-05 -0.07 -1.76 1.63
ENSRNOG00000042173 Shisa9 15.43 6.68E-05 4.47 4.66 4.28
ENSRNOG00000011348 Snx14 13.46 1.56E-04 5.44 5.64 5.12
ENSRNOG00000019183 Alox15 12.87 2.03E-04 0.84 -0.82 2.53
ENSRNOG00000025625 Rnase4 12.85 2.05E-04 5.67 6.56 5.98
ENSRNOG00000011494 Rpl36a 12.66 2.24E-04 0.62 1.86 0.63
ENSRNOG00000007290 Atp1a2 12.48 2.44E-04 10.77 11.18 10.75
ENSRNOG00000018622 Trim27 11.12 4.69E-04 5.06 4.76 5.05
ENSRNOG00000021726 Tlr3 9.92 8.64E-04 2.75 3.11 2.43
ENSRNOG00000000167 Alas2 9.81 9.14E-04 0.15 -0.74 1.32
ENSRNOG00000047855 9.69 9.72E-04 0.32 -2.98 -3.61
ENSRNOG00000011386 Nhsl1 9.64 1.00E-03 4.34 4.73 4.29
ENSRNOG00000002163 Klf3 9.47 1.09E-03 4.51 4.84 4.45
ENSRNOG00000048686 RGD1564665 9.45 1.11E-03 3.09 2.54 2.89
ENSRNOG00000007031 Trim9 9.40 1.14E-03 6.04 5.69 5.94
ENSRNOG00000019354 Ptch1 9.30 1.20E-03 7.06 7.51 7.03
ENSRNOG00000050568 8.89 1.50E-03 -0.16 0.06 -0.73
ENSRNOG00000011068 Papss2 8.70 1.67E-03 4.44 4.89 4.64
ENSRNOG00000017693 Slc2a5 8.64 1.73E-03 2.89 2.64 2.23
ENSRNOG00000048433 Tshz2 8.52 1.84E-03 5.39 5.53 5.22
ENSRNOG00000019108 Rmi1 8.50 1.86E-03 4.44 4.26 4.61
ENSRNOG00000037368 4933427I04Rik 8.50 1.87E-03 -0.34 -1.89 -0.25
ENSRNOG00000014454 Ap1m1 8.41 1.96E-03 5.96 5.76 5.93
ENSRNOG00000001404 Agfg2 8.39 1.98E-03 4.77 4.43 4.59
ENSRNOG00000012959 Nab1 8.36 2.01E-03 4.99 5.28 5.13
ENSRNOG00000029242 Plekho2 8.31 2.07E-03 3.90 4.33 3.89
ENSRNOG00000011799 CCDC159 8.22 2.19E-03 1.91 1.28 2.04
ENSRNOG00000021090 Pygm 8.19 2.22E-03 6.20 6.76 6.12
ENSRNOG00000018045 8.16 2.26E-03 1.75 0.90 1.82
ENSRNOG00000024201 8.16 2.26E-03 1.92 2.32 1.38
ENSRNOG00000048955 HBB 8.15 2.28E-03 3.19 2.11 4.03
ENSRNOG00000018588 8.07 2.38E-03 3.24 2.73 3.10
ENSRNOG00000011614 Tmcc1 8.06 2.39E-03 5.04 5.19 4.98
ENSRNOG00000019772 Dnpep 7.97 2.53E-03 5.98 5.79 6.02
ENSRNOG00000010334 Cnot10 7.81 2.77E-03 5.48 5.30 5.56
ENSRNOG00000010004 Ripply2 7.75 2.86E-03 0.39 0.18 -0.32
ENSRNOG00000010668 Anxa6 7.66 3.03E-03 5.78 5.49 5.88
ENSRNOG00000018509 Cx3cr1 7.63 3.08E-03 4.63 4.92 4.36
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ENSRNOG00000029127 Parp16 7.61 3.11E-03 2.26 1.73 2.33
ENSRNOG00000019023 Tars 7.58 3.17E-03 5.33 5.09 5.32
ENSRNOG00000047321 Hba2 7.58 3.17E-03 4.73 3.84 5.68
ENSRNOG00000014333 Vcam1 7.48 3.35E-03 5.10 4.92 5.23
ENSRNOG00000045667 7.44 3.44E-03 1.40 2.00 1.96
ENSRNOG00000018228 Cog2 7.34 3.64E-03 4.88 4.56 4.83
ENSRNOG00000003336 Mybph 7.34 3.65E-03 4.51 5.14 4.40
ENSRNOG00000031230 7.34 3.66E-03 -0.14 -1.11 1.12
ENSRNOG00000049424 Hbb 7.22 3.91E-03 5.65 4.74 6.51
ENSRNOG00000036680 Notum 7.19 3.99E-03 1.40 0.25 1.45
ENSRNOG00000022636 Alpk1 7.17 4.05E-03 1.37 1.45 0.75
ENSRNOG00000033765 Eif1 7.07 4.30E-03 6.53 6.85 6.50
ENSRNOG00000047147 7.02 4.43E-03 0.33 0.89 0.14
ENSRNOG00000027770 Trpm3 6.96 4.60E-03 6.89 7.28 6.88
ENSRNOG00000009872 Kcnh2 6.95 4.61E-03 6.47 6.36 6.30
ENSRNOG00000012938 Psmb3 6.89 4.78E-03 5.00 4.78 5.02
ENSRNOG00000018830 Aff3 6.89 4.80E-03 5.57 5.63 5.39
ENSRNOG00000007033 Sorcs2 6.88 4.81E-03 6.20 6.42 6.20
ENSRNOG00000018906 Ghdc 6.84 4.94E-03 4.17 4.06 3.25
ENSRNOG00000017330 Gm9905 6.82 5.01E-03 1.56 0.53 1.63
ENSRNOG00000050348 Isoc2a 6.76 5.19E-03 2.80 3.10 2.61
ENSRNOG00000011227 Atp1b2 6.76 5.19E-03 9.54 9.98 9.56
ENSRNOG00000018536 Pck2 6.74 5.27E-03 4.31 3.96 4.27
ENSRNOG00000000248 Srsf2 6.71 5.36E-03 7.12 6.94 7.17
ENSRNOG00000010017 Wee1 6.70 5.38E-03 5.12 4.90 5.19
ENSRNOG00000018635 Ccnb1 6.68 5.46E-03 0.90 1.45 0.65
ENSRNOG00000023991 Rab20 6.67 5.49E-03 0.28 1.05 0.00
ENSRNOG00000032884 Scn11a 6.63 5.62E-03 1.60 1.02 2.17
ENSRNOG00000045920 Mcu 6.63 5.63E-03 3.54 3.25 3.53
ENSRNOG00000026745 Acsl6 6.62 5.68E-03 7.48 7.75 7.47
ENSRNOG00000015920 Rln1 6.57 5.83E-03 -0.67 -0.75 0.02
ENSRNOG00000000096 Pdzk1 6.57 5.84E-03 3.86 3.54 3.86
ENSRNOG00000026211 Mri1 6.52 6.04E-03 4.45 4.05 4.40
ENSRNOG00000023299 Hfm1 6.47 6.21E-03 2.38 1.85 2.29
ENSRNOG00000016456 IL33 6.46 6.28E-03 4.99 5.37 5.04
ENSRNOG00000007663 RPS6 6.45 6.30E-03 -1.46 2.18 0.61
ENSRNOG00000004977 6.39 6.54E-03 2.09 0.23 0.08
ENSRNOG00000015177 Sun2 6.37 6.64E-03 6.15 6.33 5.95
ENSRNOG00000013674 Megf10 6.36 6.68E-03 3.84 4.43 3.72
ENSRNOG00000004430 Azi1 6.29 6.99E-03 5.86 5.40 5.60
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ENSRNOG00000021231 Prosapip1 6.27 7.06E-03 6.29 6.03 6.24
ENSRNOG00000001493 KPTN 6.18 7.47E-03 4.43 4.03 4.46
ENSRNOG00000014479 Cttnbp2nl 6.18 7.48E-03 5.26 5.51 5.31
ENSRNOG00000013293 Mccc1 6.17 7.52E-03 3.81 4.09 3.97
ENSRNOG00000008190 Pnpla7 6.15 7.63E-03 3.81 4.46 3.80
ENSRNOG00000013343 Myg1 6.14 7.65E-03 4.59 4.34 4.62
ENSRNOG00000020853 Scap 6.12 7.78E-03 6.92 7.00 6.83
ENSRNOG00000005769 Smg8 6.05 8.15E-03 3.86 3.72 3.93
ENSRNOG00000012495 Podxl 6.04 8.17E-03 5.27 5.69 5.42
ENSRNOG00000008015 Fos 6.03 8.23E-03 1.47 3.03 2.08
ENSRNOG00000007412 Dok1 6.02 8.27E-03 0.97 0.32 0.74
ENSRNOG00000001227 Adarb1 5.99 8.42E-03 7.29 7.47 7.16
ENSRNOG00000034106 5.99 8.42E-03 3.70 3.48 3.79
ENSRNOG00000025285 Gfm2 5.99 8.47E-03 4.22 4.29 4.01
ENSRNOG00000050837 5.98 8.49E-03 3.79 3.64 3.89
ENSRNOG00000046420 5.98 8.50E-03 4.49 4.77 4.44
ENSRNOG00000032664 RT1-O1 5.97 8.57E-03 -0.22 -2.11 -0.11
ENSRNOG00000029191 Gbp7 5.96 8.58E-03 1.16 2.01 1.08
ENSRNOG00000018366 RGD1310819 5.95 8.66E-03 4.35 4.00 4.45
ENSRNOG00000003158 Gm8444 5.95 8.68E-03 3.50 3.81 3.53
ENSRNOG00000007042 Purb 5.92 8.81E-03 4.94 4.73 4.67
ENSRNOG00000022971 Zfp454 5.91 8.87E-03 1.58 2.06 1.66
ENSRNOG00000021692 RGD1566100 5.90 8.95E-03 4.31 4.08 4.38
ENSRNOG00000012204 AU040320 5.90 8.96E-03 6.77 6.62 6.71
ENSRNOG00000008944 Ext2 5.88 9.05E-03 5.69 5.43 5.78
ENSRNOG00000002652 Rap1gap2 5.87 9.12E-03 6.78 6.79 6.63
ENSRNOG00000000867 Vars 5.86 9.19E-03 5.89 5.66 5.90
ENSRNOG00000009151 Mipol1 5.86 9.21E-03 1.82 2.34 1.88
ENSRNOG00000015318 Heyl 5.84 9.29E-03 6.22 6.46 6.22
ENSRNOG00000043102 Bahcc1 5.84 9.32E-03 4.73 4.95 4.59
ENSRNOG00000009046 Phf13 5.81 9.46E-03 4.57 4.30 4.67
ENSRNOG00000011504 Akap2 5.81 9.51E-03 6.17 6.40 6.11
ENSRNOG00000008522 Ogg1 5.80 9.53E-03 1.98 1.47 2.02
ENSRNOG00000001216 Trpm2 5.80 9.55E-03 4.52 4.26 4.27
ENSRNOG00000003403 Slc35f5 5.79 9.59E-03 4.45 4.32 4.55
ENSRNOG00000011071 Nt5e 5.78 9.65E-03 3.09 3.29 2.78
ENSRNOG00000010877 Alg9 5.76 9.79E-03 4.75 4.46 4.72
ENSRNOG00000013707 Spata13 5.74 9.95E-03 3.42 3.99 3.41
ENSRNOG00000046829 Kdr 5.74 9.97E-03 3.78 4.40 3.89
ENSRNOG00000000137 Ly86 5.71 1.02E-02 1.07 1.60 0.65
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ENSRNOG00000009531 Col9a3 5.70 1.02E-02 4.01 3.75 4.27
ENSRNOG00000020930 Atxn7l3 5.67 1.04E-02 5.82 5.81 5.67
ENSRNOG00000018126 Abca1 5.66 1.04E-02 5.37 5.91 5.18
ENSRNOG00000042903 Cox7a2 5.64 1.06E-02 2.38 2.70 2.21
ENSRNOG00000016033 Endog 5.64 1.06E-02 3.10 2.59 2.94
ENSRNOG00000048282 Mpnd 5.63 1.07E-02 5.65 5.35 5.65
ENSRNOG00000015383 Asxl3 5.62 1.07E-02 2.00 2.58 2.16
ENSRNOG00000017087 Man1c1 5.62 1.07E-02 4.54 4.74 4.48
ENSRNOG00000049052 Sgk3 5.62 1.08E-02 2.07 2.77 2.08
ENSRNOG00000008927 Hbp1 5.62 1.08E-02 4.80 5.02 4.83
ENSRNOG00000002201 5.61 1.09E-02 2.25 2.25 2.52
ENSRNOG00000018445 Agt 5.57 1.11E-02 9.44 9.79 9.52
ENSRNOG00000019330 Procr 5.57 1.11E-02 -0.82 0.19 -0.75
ENSRNOG00000024454 Ccdc149 5.56 1.12E-02 4.67 4.67 4.48
ENSRNOG00000003170 Nlrp3 5.55 1.12E-02 1.86 2.34 1.51
ENSRNOG00000037799 Hdx 5.51 1.16E-02 0.45 1.02 0.31
ENSRNOG00000004471 Polr3h 5.50 1.16E-02 4.10 3.89 4.18
ENSRNOG00000016619 Use1 5.50 1.16E-02 4.46 4.27 4.58
ENSRNOG00000011287 Minpp1 5.49 1.17E-02 4.00 4.05 4.21
ENSRNOG00000015456 Zfp787 5.48 1.18E-02 3.39 3.68 3.37
ENSRNOG00000012062 Npc2 5.47 1.19E-02 6.20 6.41 6.17
ENSRNOG00000031168 Arhgap15 5.47 1.19E-02 0.16 0.71 -0.31
ENSRNOG00000012928 Prmt10 5.43 1.22E-02 4.56 4.33 4.56
ENSRNOG00000010432 5.42 1.23E-02 2.34 2.69 2.31
ENSRNOG00000015812 Tm4sf1 5.39 1.26E-02 2.65 3.07 2.60
ENSRNOG00000004857 L2hgdh 5.38 1.26E-02 3.49 3.09 3.51
ENSRNOG00000012576 Vimp 5.36 1.28E-02 4.58 4.79 4.70
ENSRNOG00000008622 Creb5 5.36 1.28E-02 2.46 3.11 2.54
ENSRNOG00000008431 Gabbr2 5.32 1.31E-02 8.12 8.23 8.05
ENSRNOG00000002714 Mettl22 5.31 1.32E-02 4.17 3.92 4.18
ENSRNOG00000000477 Daxx 5.31 1.32E-02 4.25 4.11 4.33
ENSRNOG00000015206 Alad 5.29 1.34E-02 4.19 3.84 4.13
ENSRNOG00000000314 Sec63 5.29 1.34E-02 6.45 6.65 6.52
ENSRNOG00000019750 Kcna1 5.29 1.34E-02 4.08 4.37 3.74
ENSRNOG00000015594 Rftn2 5.29 1.34E-02 4.31 4.67 4.36
ENSRNOG00000036964 Ralgapa2 5.29 1.34E-02 3.81 4.08 3.62
ENSRNOG00000029370 Abhd3 5.28 1.35E-02 7.00 7.38 7.08
ENSRNOG00000033667 Lmbr1l 5.28 1.35E-02 1.89 1.54 2.03
ENSRNOG00000006589 Mif 5.27 1.35E-02 6.00 5.81 6.01
ENSRNOG00000012927 Rrp9 5.27 1.36E-02 3.61 3.42 3.68
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ENSRNOG00000043378 Nkpd1 5.25 1.38E-02 1.34 0.87 1.46
ENSRNOG00000008019 Oxr1 5.24 1.39E-02 7.64 7.71 7.55
ENSRNOG00000018484 Plk3 5.24 1.39E-02 2.36 3.03 2.51
ENSRNOG00000006069 Eif2ak3 5.23 1.39E-02 4.44 4.69 4.47
ENSRNOG00000009822 Tlr2 5.23 1.40E-02 2.55 2.58 2.26
ENSRNOG00000013585 Nmnat3 5.22 1.40E-02 1.62 2.30 1.60
ENSRNOG00000021011 Fut2 5.21 1.41E-02 -0.18 0.57 -0.53
ENSRNOG00000027451 Mettl25 5.21 1.41E-02 2.08 1.76 2.26
ENSRNOG00000015825 Aurkc 5.20 1.42E-02 2.14 1.62 2.11
ENSRNOG00000005990 Wdsub1 5.20 1.43E-02 3.50 3.79 3.64
ENSRNOG00000011509 Agk 5.20 1.43E-02 4.42 4.20 4.34
ENSRNOG00000042726 RGD1560775 5.19 1.43E-02 -1.40 -1.81 -0.54
ENSRNOG00000047781 Slc25a23 5.19 1.44E-02 8.43 8.55 8.34
ENSRNOG00000029886 Hba-a2 5.19 1.44E-02 5.94 5.16 6.86
ENSRNOG00000009886 Fkbp14 5.18 1.44E-02 2.55 3.07 2.78
ENSRNOG00000007894 Mpdz 5.18 1.44E-02 6.29 6.53 6.27
ENSRNOG00000026604 Cercam 5.18 1.44E-02 2.14 1.68 2.32
ENSRNOG00000007214 Oma1 5.13 1.49E-02 1.73 1.85 1.52
ENSRNOG00000020533 Htra1 5.13 1.49E-02 5.65 6.29 5.58
ENSRNOG00000001609 Cep97 5.12 1.50E-02 4.04 4.26 3.94
ENSRNOG00000005882 Tle1 5.11 1.51E-02 4.01 3.96 4.18
ENSRNOG00000008870 Atf7ip 5.10 1.52E-02 5.85 5.86 5.62
ENSRNOG00000009826 Bche 5.10 1.52E-02 2.67 3.00 2.94
ENSRNOG00000029402 Gm10563 5.10 1.52E-02 0.82 0.80 0.21
ENSRNOG00000048089 ARF1 5.09 1.53E-02 3.52 3.15 3.41
ENSRNOG00000013251 Trim24 5.08 1.55E-02 4.38 4.23 4.43
ENSRNOG00000012868 Uaca 5.07 1.55E-02 4.01 4.45 4.22
ENSRNOG00000016587 Ninj1 5.06 1.56E-02 4.17 3.80 4.03
ENSRNOG00000011931 Smarca2 5.05 1.57E-02 7.20 7.39 7.23
ENSRNOG00000000940 Flt1 5.04 1.58E-02 5.27 5.73 5.36
ENSRNOG00000004685 Mta3 5.04 1.58E-02 5.84 5.64 5.70
ENSRNOG00000018867 Klhdc7a 5.04 1.58E-02 1.12 1.70 0.77
ENSRNOG00000011213 Blm 5.04 1.59E-02 2.15 1.68 2.20
ENSRNOG00000048110 5.04 1.59E-02 2.69 2.29 2.62
ENSRNOG00000039576 Suv39h1 5.03 1.59E-02 4.31 4.10 4.41
ENSRNOG00000029914 Cacna1i 5.03 1.60E-02 5.61 5.89 5.51
ENSRNOG00000002469 Trim7 5.03 1.60E-02 0.79 0.87 0.16
ENSRNOG00000007441 Klhl32 5.03 1.60E-02 3.98 3.82 3.76
ENSRNOG00000011295 Anapc2 5.02 1.61E-02 6.67 6.50 6.69
ENSRNOG00000048145 Sstr1 5.02 1.61E-02 5.14 4.97 5.32
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ENSRNOG00000019492 Gtdc2 5.02 1.61E-02 5.94 5.76 5.94
ENSRNOG00000004372 Cbln4 5.00 1.63E-02 5.53 5.32 5.66
ENSRNOG00000020254 Per2 5.00 1.64E-02 4.84 4.75 5.09
ENSRNOG00000049194 4.99 1.64E-02 0.20 -0.61 0.15
ENSRNOG00000015631 Ippk 4.99 1.64E-02 2.69 2.67 2.92
ENSRNOG00000042189 Rab31 4.98 1.66E-02 6.52 6.73 6.50
ENSRNOG00000001793 Heg1 4.98 1.66E-02 3.82 4.30 4.01
ENSRNOG00000008691 Ick 4.97 1.66E-02 3.33 3.58 3.34
ENSRNOG00000014798 RGD1309540 4.97 1.67E-02 6.50 6.39 6.57
ENSRNOG00000033528 Tll1 4.96 1.68E-02 0.56 0.62 1.29
ENSRNOG00000043286 Cpne2 4.96 1.68E-02 4.52 4.13 4.57
ENSRNOG00000004660 Fzd6 4.94 1.70E-02 2.35 2.88 2.27
ENSRNOG00000023861 Snap91 4.94 1.70E-02 7.78 7.64 7.68
ENSRNOG00000021117 Rps6ka4 4.93 1.71E-02 5.15 4.75 5.08
ENSRNOG00000019070 St13 4.92 1.72E-02 4.77 5.08 4.83
ENSRNOG00000047524 Pigyl 4.92 1.73E-02 2.88 2.87 2.63
ENSRNOG00000008696 RGD1563365 4.90 1.75E-02 2.12 1.75 2.13
ENSRNOG00000020584 Efna3 4.89 1.75E-02 3.67 3.40 3.46
ENSRNOG00000008720 Wbp1 4.89 1.76E-02 4.55 4.49 4.69
ENSRNOG00000015124 Gpam 4.88 1.77E-02 5.70 5.97 5.64
ENSRNOG00000022401 4.88 1.77E-02 -0.40 0.57 0.01
ENSRNOG00000014777 Prpf4 4.86 1.79E-02 4.72 4.54 4.63
ENSRNOG00000014900 Crem 4.86 1.80E-02 3.42 3.80 3.54
ENSRNOG00000015285 Lrp4 4.86 1.80E-02 5.67 5.99 5.69
ENSRNOG00000008080 HRH3 4.85 1.80E-02 6.92 6.58 6.80
ENSRNOG00000002636 Abat 4.85 1.81E-02 8.10 8.24 8.03
ENSRNOG00000014448 Arntl 4.85 1.81E-02 4.69 4.85 4.58
ENSRNOG00000008554 Slc9a9 4.85 1.81E-02 2.51 2.22 2.45
ENSRNOG00000008786 Ap1b1 4.85 1.81E-02 7.38 7.27 7.30
ENSRNOG00000016751 Slc25a28 4.84 1.82E-02 4.82 4.69 4.60
ENSRNOG00000042657 Mob1a 4.83 1.83E-02 4.60 4.97 4.61
ENSRNOG00000028273 Tmem150b 4.83 1.84E-02 2.80 3.30 2.89
ENSRNOG00000003442 Adora1 4.82 1.85E-02 6.28 6.74 6.24
ENSRNOG00000007166 Gramd1b 4.82 1.85E-02 5.64 5.72 5.46
ENSRNOG00000039063 Kctd12b 4.81 1.86E-02 1.90 2.34 1.99
ENSRNOG00000048061 Brcc3 4.81 1.86E-02 3.61 3.83 3.68
ENSRNOG00000049849 Fam199x 4.80 1.88E-02 2.16 2.65 2.08
ENSRNOG00000000986 Camsap3 4.80 1.88E-02 5.61 5.39 5.50
ENSRNOG00000001925 Leprel1 4.80 1.88E-02 -0.95 -1.56 -0.34
ENSRNOG00000015896 Rbpms2 4.79 1.88E-02 1.47 1.97 1.58
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ENSRNOG00000014856 Etnk1 4.79 1.89E-02 8.38 8.53 8.37
ENSRNOG00000019704 Resp18 4.78 1.90E-02 8.11 8.03 8.26
ENSRNOG00000014293 Nkd1 4.77 1.91E-02 4.93 5.31 4.86
ENSRNOG00000022790 Obscn 4.76 1.92E-02 0.63 1.25 0.35
ENSRNOG00000047003 4.75 1.93E-02 2.13 1.73 1.89
ENSRNOG00000015949 Aqp9 4.74 1.95E-02 2.42 2.80 2.74
ENSRNOG00000007130 Endou 4.74 1.95E-02 0.22 1.18 0.24
ENSRNOG00000018927 Sprn 4.73 1.96E-02 2.68 2.38 2.54
ENSRNOG00000014460 Hivep1 4.72 1.98E-02 4.69 5.04 4.78
ENSRNOG00000012582 Eif4ebp1 4.71 1.99E-02 1.08 1.92 1.41
ENSRNOG00000048577 Zfp967 4.70 2.01E-02 5.16 5.36 5.21
ENSRNOG00000014046 Sertm1 4.69 2.02E-02 4.08 4.07 4.37
ENSRNOG00000017084 Hsd11b2 4.69 2.02E-02 0.41 -0.39 0.56
ENSRNOG00000026651 Itpr3 4.69 2.03E-02 2.93 3.53 2.87
ENSRNOG00000014008 Mfsd2a 4.68 2.03E-02 3.76 4.32 3.90
ENSRNOG00000028207 Glt25d2 4.68 2.04E-02 1.72 1.26 1.86
ENSRNOG00000013452 Rcn1 4.67 2.05E-02 5.82 5.74 5.97
ENSRNOG00000025998 Aim1 4.67 2.06E-02 0.76 1.33 0.48
ENSRNOG00000021395 4.66 2.07E-02 5.42 5.51 5.61
ENSRNOG00000031912 4.66 2.07E-02 -0.37 0.75 -0.30
ENSRNOG00000030535 Ccdc173 4.65 2.08E-02 -0.93 -0.47 -0.19
ENSRNOG00000019007 Rpl14 4.64 2.10E-02 6.19 6.28 6.35
ENSRNOG00000002950 Lyl1 4.63 2.10E-02 1.12 1.16 0.76
ENSRNOG00000045948 Arl10 4.62 2.13E-02 6.29 6.17 6.36
ENSRNOG00000000878 Slc44a4 4.61 2.13E-02 0.72 1.55 -0.02
ENSRNOG00000005391 Prex2 4.61 2.14E-02 7.55 7.88 7.53
ENSRNOG00000027359 Slc25a2 4.61 2.14E-02 0.23 1.11 0.28
ENSRNOG00000001688 Sim2 4.60 2.15E-02 0.17 1.23 0.09
ENSRNOG00000007360 Rfx4 4.60 2.16E-02 3.82 4.15 3.81
ENSRNOG00000050639 Nwd1 4.60 2.16E-02 6.24 6.69 6.20
ENSRNOG00000002519 Magt1 4.59 2.18E-02 3.88 4.23 3.95
ENSRNOG00000037331 Cd33 4.58 2.19E-02 1.87 2.41 1.81
ENSRNOG00000000490 Rps10 4.57 2.19E-02 -0.18 -0.30 1.17
ENSRNOG00000012168 Fbxl21 4.57 2.20E-02 2.92 3.27 2.98
ENSRNOG00000018285 Kcna2 4.56 2.22E-02 5.54 5.81 5.32
ENSRNOG00000001785 Etv5 4.56 2.22E-02 4.48 4.88 4.57
ENSRNOG00000025558 4.55 2.23E-02 3.04 3.09 2.80
ENSRNOG00000009072 4.55 2.23E-02 4.57 4.43 4.41
ENSRNOG00000001276 Pcnt 4.55 2.23E-02 5.19 5.44 5.18
ENSRNOG00000021856 Lat2 4.55 2.24E-02 0.76 1.05 0.31
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ENSRNOG00000021555 Mis18a 4.53 2.27E-02 -0.30 0.74 -1.98
ENSRNOG00000033570 Arhgap8 4.52 2.28E-02 -0.46 0.59 0.20
ENSRNOG00000025889 Gnas 4.50 2.31E-02 4.91 5.14 5.20
ENSRNOG00000019447 Ecel1 4.49 2.32E-02 6.52 6.51 6.96
ENSRNOG00000013913 Piezo1 4.49 2.32E-02 2.75 3.21 2.60
ENSRNOG00000027623 D5Ertd579e 4.49 2.33E-02 7.69 7.73 7.59
ENSRNOG00000042702 Nipa1 4.49 2.33E-02 5.62 5.58 5.45
ENSRNOG00000005042 Ranbp17 4.49 2.33E-02 2.49 1.98 2.33
ENSRNOG00000006331 Elovl5 4.48 2.35E-02 5.48 5.78 5.52
ENSRNOG00000021199 Fcgr1a 4.46 2.37E-02 1.18 1.72 0.85
ENSRNOG00000033517 4.46 2.38E-02 7.42 7.51 7.58
ENSRNOG00000021157 Ctss 4.46 2.38E-02 6.98 7.47 6.91
ENSRNOG00000030273 Zfp563 4.45 2.39E-02 3.40 3.67 3.49
ENSRNOG00000029219 Zfp72 4.45 2.40E-02 0.21 -0.91 -1.17
ENSRNOG00000002669 RGD1307222 4.45 2.40E-02 7.17 6.94 7.10
ENSRNOG00000003985 Tmem19 4.44 2.41E-02 3.58 3.79 3.70
ENSRNOG00000037263 Irak1 4.44 2.41E-02 7.01 6.89 7.02
ENSRNOG00000016923 Clptm1l 4.44 2.41E-02 6.69 6.55 6.68
ENSRNOG00000011633 Parvb 4.44 2.41E-02 5.89 6.04 5.85
ENSRNOG00000029988 4.44 2.42E-02 2.02 1.33 1.90
ENSRNOG00000029336 Zfp180 4.44 2.42E-02 5.91 6.22 5.88
ENSRNOG00000011483 S100a9 4.43 2.42E-02 -2.28 0.13 -1.05
ENSRNOG00000021705 Zfp664 4.42 2.44E-02 2.24 2.57 2.10
ENSRNOG00000015029 Dbt 4.41 2.46E-02 4.61 4.90 4.66
ENSRNOG00000050951 Rnf135 4.41 2.46E-02 1.38 1.89 1.60
ENSRNOG00000049361 Gas7 4.41 2.47E-02 8.01 7.80 7.95
ENSRNOG00000005203 Sec61g 4.41 2.47E-02 2.36 1.80 2.34
ENSRNOG00000011634 Xkr6 4.40 2.48E-02 1.03 1.83 1.31
ENSRNOG00000018910 Abhd11l1 4.39 2.49E-02 3.44 3.16 3.30
ENSRNOG00000034040 Rnf113a1 4.39 2.50E-02 2.64 2.60 2.83
ENSRNOG00000020264 Dhrs1 4.39 2.50E-02 4.05 3.92 4.24
ENSRNOG00000005610 Yipf4 4.39 2.50E-02 4.67 4.63 4.79
ENSRNOG00000022428 Flrt1 4.39 2.50E-02 3.23 3.58 3.31
ENSRNOG00000030520 Sarnp 4.38 2.51E-02 5.22 5.46 5.39
ENSRNOG00000049998 B4galnt2 4.38 2.52E-02 -0.34 0.13 0.49
ENSRNOG00000026653 Hcar2 4.38 2.52E-02 -0.26 -1.25 -1.17
ENSRNOG00000010409 Nol6 4.37 2.54E-02 5.96 5.78 5.90
ENSRNOG00000004180 Fam19a2 4.36 2.55E-02 2.62 2.06 2.55
ENSRNOG00000012785 Armc10 4.36 2.55E-02 4.72 4.60 4.81
ENSRNOG00000042833 Gm884 4.36 2.55E-02 3.55 4.03 3.66
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ENSRNOG00000001302 Adora2a 4.36 2.56E-02 1.17 1.98 1.45
ENSRNOG00000021796 RGD1565166 4.35 2.57E-02 -0.68 -0.14 0.12
ENSRNOG00000002135 Sgcb 4.34 2.58E-02 6.90 6.76 6.98
ENSRNOG00000008637 Strada 4.34 2.59E-02 4.26 4.06 4.32
ENSRNOG00000018414 Csf1r 4.34 2.60E-02 6.66 6.89 6.49
ENSRNOG00000006569 Itgb8 4.33 2.60E-02 5.73 6.09 5.78
ENSRNOG00000037220 4.33 2.60E-02 4.22 4.30 4.43
ENSRNOG00000007637 Acer2 4.33 2.61E-02 3.65 4.23 3.97
ENSRNOG00000004606 Meis1 4.33 2.62E-02 1.93 2.53 1.91
ENSRNOG00000028839 Cyb561d1 4.33 2.62E-02 1.90 1.45 1.91
ENSRNOG00000038001 Slc25a1 4.32 2.62E-02 5.46 5.33 5.54
ENSRNOG00000010819 Hspa4l 4.32 2.63E-02 7.74 7.84 7.66
ENSRNOG00000015810 Trip13 4.32 2.63E-02 -0.69 -1.35 -0.28
ENSRNOG00000037505 Ulk1 4.32 2.63E-02 6.58 6.49 6.47
ENSRNOG00000006144 Cntn3 4.32 2.63E-02 4.06 3.73 4.20
ENSRNOG00000016610 Arhgap1 4.32 2.64E-02 5.89 5.69 5.87
ENSRNOG00000004403 Slc25a32 4.30 2.66E-02 3.32 2.90 3.29
ENSRNOG00000046424 Mfn2 4.30 2.66E-02 2.91 2.75 2.68
ENSRNOG00000047098 Hbb-b1 4.30 2.66E-02 0.61 -0.18 1.59
ENSRNOG00000020411 Sec23ip 4.30 2.66E-02 5.76 5.67 5.88
ENSRNOG00000003673 Nup85 4.29 2.68E-02 3.90 3.78 4.01
ENSRNOG00000020595 Rps11 4.29 2.68E-02 6.88 6.85 7.00
ENSRNOG00000003343 Canx 4.29 2.69E-02 9.83 9.98 9.85
ENSRNOG00000000257 Smpd3 4.29 2.69E-02 5.76 5.56 5.76
ENSRNOG00000011927 Sdc3 4.29 2.69E-02 8.12 8.17 8.01
ENSRNOG00000014213 Thap1 4.28 2.70E-02 2.19 1.80 2.28
ENSRNOG00000005193 Pfas 4.28 2.71E-02 5.70 5.49 5.64
ENSRNOG00000011427 Hr 4.27 2.71E-02 5.05 5.55 4.97
ENSRNOG00000003695 RGD1310572 4.27 2.72E-02 1.76 1.08 1.62
ENSRNOG00000024277 Card11 4.26 2.73E-02 1.62 1.90 1.16
ENSRNOG00000010450 Elovl7 4.26 2.74E-02 2.72 3.16 2.68
ENSRNOG00000013895 Npdc1 4.26 2.75E-02 7.37 7.26 7.43
ENSRNOG00000006503 Frmd3 4.25 2.75E-02 2.34 2.02 2.40
ENSRNOG00000005924 Dstn 4.25 2.75E-02 4.89 5.23 4.94
ENSRNOG00000018553 Pitpnm1 4.25 2.75E-02 8.22 8.07 8.13
ENSRNOG00000015958 Slc19a3 4.25 2.76E-02 0.12 -0.14 0.63
ENSRNOG00000004200 Sybu 4.25 2.76E-02 6.19 6.00 6.22
ENSRNOG00000001525 Igsf11 4.25 2.77E-02 5.47 5.94 5.59
ENSRNOG00000022572 Pex19 4.24 2.78E-02 2.13 1.82 2.28
ENSRNOG00000004950 Ubxn2a 4.24 2.78E-02 1.38 2.15 1.39
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ENSRNOG00000011402 Isg20l2 4.23 2.80E-02 2.08 1.81 2.15
ENSRNOG00000037229 Gmppb 4.23 2.81E-02 3.60 3.36 3.65
ENSRNOG00000026814 Qtrtd1 4.22 2.82E-02 2.00 1.46 1.87
ENSRNOG00000018804 Fam65b 4.22 2.82E-02 4.70 4.37 4.66
ENSRNOG00000012163 Plekhm2 4.22 2.83E-02 6.44 6.54 6.35
ENSRNOG00000015780 Rcn2 4.22 2.83E-02 8.10 8.10 8.24
ENSRNOG00000000439 Ager 4.21 2.84E-02 1.15 0.57 0.82
ENSRNOG00000005971 Gpr176 4.21 2.84E-02 4.50 4.33 4.61
ENSRNOG00000005144 Tmem18 4.21 2.85E-02 4.37 4.13 4.30
ENSRNOG00000013231 Ptafr 4.20 2.87E-02 3.45 3.70 3.28
ENSRNOG00000005794 Slc10a1 4.20 2.87E-02 -0.26 -0.57 0.11
ENSRNOG00000046480 4.19 2.88E-02 1.66 1.09 1.47
ENSRNOG00000001416 Vgf 4.19 2.88E-02 5.54 5.90 5.88
ENSRNOG00000013045 Setd7 4.19 2.89E-02 5.30 5.54 5.20
ENSRNOG00000048911 4.19 2.89E-02 -0.15 0.27 0.36
ENSRNOG00000014790 Cryga 4.18 2.91E-02 0.88 0.94 0.39
ENSRNOG00000016427 Letm1 4.18 2.91E-02 6.56 6.62 6.46
ENSRNOG00000014519 Slc35g3 4.17 2.93E-02 0.11 0.98 -0.03
ENSRNOG00000047757 EPC1 4.17 2.93E-02 1.19 0.53 1.16
ENSRNOG00000010386 H2afx 4.16 2.94E-02 4.62 4.52 4.72
ENSRNOG00000042556 Bmyc 4.16 2.94E-02 4.96 4.79 5.02
ENSRNOG00000021220 Cpxm1 4.16 2.95E-02 1.85 1.49 2.14
ENSRNOG00000016452 Creb3 4.16 2.96E-02 5.51 5.44 5.59
ENSRNOG00000000704 Cmklr1 4.15 2.96E-02 0.98 1.45 0.75
ENSRNOG00000012804 C1qc 4.15 2.96E-02 3.84 4.63 3.86
ENSRNOG00000048057 Zfp106 4.15 2.97E-02 7.65 7.79 7.57
ENSRNOG00000036685 Npb 4.15 2.97E-02 0.45 0.22 0.80
ENSRNOG00000016474 Tspan3 4.15 2.97E-02 8.39 8.58 8.47
ENSRNOG00000013061 Tusc3 4.14 2.99E-02 7.59 7.50 7.70
ENSRNOG00000014092 Paip2b 4.14 2.99E-02 3.92 4.17 3.89
ENSRNOG00000030404 Arrb1 4.13 3.01E-02 6.14 6.27 5.94
ENSRNOG00000019921 Rhbdl1 4.13 3.02E-02 6.12 5.88 6.11
ENSRNOG00000027767 Slc38a5 4.12 3.02E-02 1.57 0.73 1.95
ENSRNOG00000003464 Hid1 4.12 3.03E-02 6.49 6.35 6.45
ENSRNOG00000014125 EVI2B 4.11 3.06E-02 0.99 1.09 0.54
ENSRNOG00000020876 Bax 4.11 3.06E-02 3.21 2.94 3.26
ENSRNOG00000010365 Syn1 4.11 3.06E-02 8.23 8.24 8.12
ENSRNOG00000045615 Tha1 4.11 3.06E-02 1.09 0.50 1.19
ENSRNOG00000014521 Armc8 4.11 3.06E-02 5.87 5.72 5.78
ENSRNOG00000013790 Mfsd1 4.11 3.07E-02 5.75 5.93 5.77
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ENSRNOG00000013333 Maml3 4.10 3.08E-02 1.28 1.25 0.87
ENSRNOG00000017595 Rsu1 4.10 3.09E-02 2.84 3.17 3.01
ENSRNOG00000005263 Scaf11 4.09 3.10E-02 5.20 5.37 5.18
ENSRNOG00000029425 4.09 3.11E-02 -0.38 1.46 -0.34
ENSRNOG00000016596 Hspa4 4.08 3.11E-02 8.34 8.50 8.33
ENSRNOG00000050190 Eng 4.08 3.12E-02 4.16 4.71 4.22
ENSRNOG00000032484 RGD1562404 4.08 3.12E-02 0.88 0.25 1.04
ENSRNOG00000006623 Cd302 4.08 3.13E-02 4.09 4.41 4.09
ENSRNOG00000001215 RGD1309594 4.08 3.13E-02 4.63 4.44 4.64
ENSRNOG00000016907 Ppp5c 4.08 3.13E-02 6.61 6.52 6.67
ENSRNOG00000018716 Dennd2c 4.08 3.13E-02 1.45 0.95 1.18
ENSRNOG00000012749 C1qb 4.07 3.14E-02 4.48 5.30 4.45
ENSRNOG00000001380 Tpcn1 4.07 3.15E-02 6.11 6.43 6.14
ENSRNOG00000049931 4.07 3.15E-02 5.33 5.59 5.40
ENSRNOG00000045623 Capn10 4.07 3.15E-02 4.38 4.08 4.31
ENSRNOG00000018768 Rps8 4.06 3.16E-02 4.48 4.71 4.64
ENSRNOG00000007607 Nr4a1 4.06 3.17E-02 1.96 2.94 2.61
ENSRNOG00000029235 Sfmbt2 4.06 3.17E-02 1.32 0.80 1.10
ENSRNOG00000019310 Eid2 4.05 3.19E-02 4.87 4.60 4.77
ENSRNOG00000021084 Mpeg1 4.05 3.20E-02 5.19 5.57 4.58
ENSRNOG00000012054 Zmpste24 4.05 3.20E-02 5.10 5.25 5.10
ENSRNOG00000003794 Nmral1 4.04 3.21E-02 2.65 3.01 2.82
ENSRNOG00000021087 Lgi4 4.04 3.21E-02 6.27 6.59 6.24
ENSRNOG00000039587 Wdr13 4.03 3.23E-02 5.20 4.97 5.08
ENSRNOG00000003214 4.02 3.25E-02 3.33 3.62 3.40
ENSRNOG00000008816 Gpnmb 4.02 3.26E-02 2.16 2.70 1.94
ENSRNOG00000018075 Spcs1 4.02 3.27E-02 5.89 5.80 5.98
ENSRNOG00000024456 Radil 4.01 3.28E-02 4.04 3.77 3.99
ENSRNOG00000017657 Phf23 4.01 3.29E-02 4.89 4.68 4.93
ENSRNOG00000017804 1-Sep 4.01 3.30E-02 1.15 1.40 0.83
ENSRNOG00000015020 Idh1 4.00 3.30E-02 6.05 6.12 6.23
ENSRNOG00000001408 Actl6b 4.00 3.30E-02 5.36 5.17 5.35
ENSRNOG00000001960 Sult1d1 4.00 3.30E-02 4.79 5.15 4.85
ENSRNOG00000017727 Prlr 4.00 3.32E-02 1.63 0.90 1.87
ENSRNOG00000003772 Csrp2 4.00 3.32E-02 2.75 2.77 3.09
ENSRNOG00000015409 Usp5 3.99 3.34E-02 5.76 5.53 5.71
ENSRNOG00000014691 Ric3 3.98 3.36E-02 3.85 4.12 3.88
ENSRNOG00000012994 Pus3 3.98 3.36E-02 3.32 3.24 3.50
ENSRNOG00000007564 Evc 3.98 3.37E-02 3.07 3.78 3.03
ENSRNOG00000023093 Mis18bp1 3.97 3.38E-02 0.72 1.35 0.75
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ENSRNOG00000003881 Nit1 3.97 3.39E-02 5.33 5.13 5.29
ENSRNOG00000009982 Pnp 3.97 3.39E-02 5.94 6.21 6.00
ENSRNOG00000015746 Kcng4 3.97 3.40E-02 4.51 4.84 4.27
ENSRNOG00000029134 Lphn1 3.96 3.41E-02 8.42 8.36 8.27
ENSRNOG00000012549 Hs2st1 3.96 3.42E-02 6.44 6.31 6.51
ENSRNOG00000038489 Sumo3 3.95 3.42E-02 6.60 6.47 6.65
ENSRNOG00000021380 Fads6 3.95 3.43E-02 4.52 4.66 4.34
ENSRNOG00000011497 Aldh1b1 3.95 3.43E-02 4.28 4.05 4.27
ENSRNOG00000019743 Tmem63b 3.95 3.43E-02 6.58 6.42 6.52
ENSRNOG00000007334 Ly6h 3.95 3.44E-02 7.89 7.76 7.98
ENSRNOG00000047097 Iqsec1 3.95 3.44E-02 7.53 7.59 7.45
ENSRNOG00000004959 Actr2 3.95 3.44E-02 6.87 6.89 6.78
ENSRNOG00000007899 Mterf 3.95 3.44E-02 2.07 1.77 2.11
ENSRNOG00000003815 Slc25a11 3.95 3.44E-02 6.77 6.59 6.74
ENSRNOG00000000633 Rhobtb1 3.95 3.45E-02 2.73 3.10 2.76
ENSRNOG00000032908 Acaa1a 3.94 3.45E-02 4.21 4.09 4.03
ENSRNOG00000010560 Otp 3.94 3.47E-02 3.97 3.95 4.47
ENSRNOG00000048243 Hs6st3 3.93 3.48E-02 2.74 3.09 2.54
ENSRNOG00000031960 3.93 3.49E-02 3.65 3.86 3.81
ENSRNOG00000009265 Kcnk9 3.93 3.50E-02 5.66 5.99 5.60
ENSRNOG00000005697 Slc6a11 3.91 3.53E-02 8.88 9.03 8.81
ENSRNOG00000021892 Ccdc38 3.90 3.56E-02 0.49 0.63 0.03
ENSRNOG00000019358 Esr1 3.90 3.57E-02 2.34 2.06 2.71
ENSRNOG00000020291 Fam35a 3.90 3.58E-02 3.53 3.72 3.50
ENSRNOG00000022248 Fbxl16 3.90 3.58E-02 7.14 6.92 7.06
ENSRNOG00000003346 Fancb 3.89 3.58E-02 0.85 0.25 0.76
ENSRNOG00000005433 Shq1 3.89 3.58E-02 0.79 0.46 0.96
ENSRNOG00000021678 Alkbh3 3.88 3.61E-02 3.71 4.05 3.76
ENSRNOG00000029500 Tapbp 3.88 3.61E-02 4.25 3.90 4.25
ENSRNOG00000020389 Capn12 3.88 3.62E-02 1.85 1.10 1.68
ENSRNOG00000013072 Plxna4a 3.88 3.62E-02 5.97 6.19 5.76
ENSRNOG00000028270 Ctu2 3.88 3.62E-02 3.14 3.21 3.32
ENSRNOG00000000985 Cpsf4 3.88 3.62E-02 2.79 2.51 2.86
ENSRNOG00000001385 Plbd2 3.87 3.64E-02 6.58 6.41 6.53
ENSRNOG00000038738 1700019D03Rik 3.87 3.64E-02 1.80 2.26 1.64
ENSRNOG00000012874 Rgma 3.87 3.66E-02 6.66 6.87 6.68
ENSRNOG00000017872 Aldh3b2 3.87 3.66E-02 2.86 2.22 2.85
ENSRNOG00000009341 Hivep3 3.86 3.68E-02 4.87 5.24 4.75
ENSRNOG00000024730 Ppm1e 3.86 3.68E-02 5.55 5.69 5.42
ENSRNOG00000028708 Ntsr1 3.86 3.68E-02 3.10 3.54 3.36
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ENSRNOG00000031171 Wdr46 3.86 3.68E-02 4.48 4.30 4.54
ENSRNOG00000023587 Dhtkd1 3.85 3.71E-02 4.32 4.64 4.39
ENSRNOG00000013687 Ablim1 3.84 3.73E-02 4.26 4.37 4.08
ENSRNOG00000029912 5-Sep 3.83 3.74E-02 7.15 6.86 7.03
ENSRNOG00000013902 P2ry12 3.83 3.75E-02 4.52 4.74 4.40
ENSRNOG00000017923 Pnck 3.83 3.75E-02 7.51 7.15 7.44
ENSRNOG00000033026 Dclk3 3.83 3.76E-02 3.99 3.69 3.97
ENSRNOG00000047896 Kctd10 3.83 3.76E-02 5.33 5.26 5.41
ENSRNOG00000019455 Ap4b1 3.83 3.76E-02 4.43 4.29 4.49
ENSRNOG00000018337 Caly 3.82 3.78E-02 8.70 8.58 8.76
ENSRNOG00000011231 Cntnap4 3.82 3.78E-02 5.01 4.86 5.09
ENSRNOG00000017063 Fcn1 3.82 3.78E-02 -0.02 0.35 -0.55
ENSRNOG00000011195 Prkra 3.81 3.82E-02 4.96 4.84 5.04
ENSRNOG00000050282 Srcap 3.80 3.83E-02 4.98 5.18 5.01
ENSRNOG00000015195 Hdhd3 3.80 3.83E-02 3.08 3.42 2.90
ENSRNOG00000042587 3.80 3.85E-02 1.66 2.12 1.34
ENSRNOG00000004059 Ptrhd1 3.80 3.85E-02 1.91 2.43 2.10
ENSRNOG00000037225 Tyms 3.79 3.86E-02 2.84 3.23 2.95
ENSRNOG00000004169 Fzr1 3.79 3.87E-02 5.44 5.26 5.44
ENSRNOG00000031930 Bin2 3.78 3.89E-02 3.08 3.09 2.82
ENSRNOG00000029095 Trabd 3.78 3.90E-02 4.29 4.30 4.41
ENSRNOG00000006789 DDIT3 3.78 3.90E-02 3.85 3.95 4.07
ENSRNOG00000046947 Ak5 3.78 3.90E-02 6.07 5.96 6.20
ENSRNOG00000015349 Six5 3.78 3.91E-02 1.07 0.18 1.15
ENSRNOG00000045860 U2af1 3.77 3.92E-02 4.98 5.05 5.10
ENSRNOG00000001272 Mcm3ap 3.77 3.92E-02 6.15 5.98 6.12
ENSRNOG00000010029 Fam100b 3.77 3.93E-02 3.55 3.72 3.68
ENSRNOG00000012807 C1qa 3.77 3.93E-02 4.89 5.51 4.89
ENSRNOG00000017528 Gpr157 3.77 3.94E-02 0.79 0.93 1.32
ENSRNOG00000021855 Kcp 3.77 3.94E-02 3.21 2.45 3.08
ENSRNOG00000007038 Cntn5 3.76 3.95E-02 3.71 3.17 3.61
ENSRNOG00000021434 Usp51 3.75 3.97E-02 2.08 1.73 2.26
ENSRNOG00000001111 Brca2 3.75 3.97E-02 3.51 3.69 3.44
ENSRNOG00000024553 Cyb5d2 3.75 3.97E-02 2.88 3.03 2.72
ENSRNOG00000023008 Fam131c 3.75 3.99E-02 0.41 -0.66 0.37
ENSRNOG00000008026 C2cd4c 3.74 4.00E-02 4.49 4.21 4.53
ENSRNOG00000019390 Kbtbd5 3.74 4.00E-02 0.52 0.70 0.04
ENSRNOG00000000826 Flot1 3.74 4.00E-02 6.30 6.18 6.32
ENSRNOG00000019629 Lamp1 3.74 4.01E-02 8.55 8.70 8.68
ENSRNOG00000033330 Skida1 3.74 4.01E-02 2.34 2.60 2.23
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ENSRNOG00000022599 3.74 4.02E-02 6.06 5.89 6.02
ENSRNOG00000007053 Med7 3.74 4.02E-02 2.58 2.79 2.71
ENSRNOG00000049828 Crlf2 3.73 4.03E-02 3.65 3.62 3.85
ENSRNOG00000004172 Pdk2 3.73 4.03E-02 5.44 5.52 5.33
ENSRNOG00000049813 RPS9 3.73 4.03E-02 -0.92 -3.32 -0.62
ENSRNOG00000018681 Nes 3.73 4.04E-02 -0.05 -0.97 0.27
ENSRNOG00000009719 C2cd2l 3.73 4.04E-02 6.80 6.69 6.82
ENSRNOG00000043094 Oxct1 3.73 4.04E-02 7.34 7.56 7.39
ENSRNOG00000018399 Cpne6 3.73 4.05E-02 6.39 6.11 6.34
ENSRNOG00000028624 Kif26b 3.73 4.06E-02 4.24 4.35 4.06
ENSRNOG00000015226 Man1a2 3.72 4.07E-02 6.09 6.23 5.95
ENSRNOG00000017477 Mmp23 3.72 4.08E-02 1.29 0.99 1.55
ENSRNOG00000007814 Kdm3a 3.72 4.08E-02 5.17 5.42 5.33
ENSRNOG00000014226 Plch2 3.72 4.09E-02 5.08 4.92 4.84
ENSRNOG00000024363 Sertad1 3.71 4.10E-02 1.77 2.20 1.74
ENSRNOG00000049259 3.71 4.10E-02 4.28 4.48 4.37
ENSRNOG00000000583 Cdk19 3.71 4.11E-02 5.09 5.41 5.10
ENSRNOG00000013506 Zfand6 3.70 4.12E-02 5.36 5.49 5.30
ENSRNOG00000031136 Ntng1 3.70 4.13E-02 5.30 4.94 5.14
ENSRNOG00000006689 Chd7 3.70 4.13E-02 4.22 4.58 4.22
ENSRNOG00000003873 Cpd 3.69 4.16E-02 6.05 6.23 5.96
ENSRNOG00000020938 Ppp1r15a 3.69 4.16E-02 4.03 4.25 4.19
ENSRNOG00000001555 Btg3 3.68 4.18E-02 4.01 4.32 4.25
ENSRNOG00000018326 Pgls 3.68 4.20E-02 3.81 3.45 3.78
ENSRNOG00000014461 Galns 3.68 4.21E-02 3.78 3.35 3.47
ENSRNOG00000018730 Pvrl2 3.67 4.21E-02 3.73 3.71 3.89
ENSRNOG00000010941 Tifa 3.67 4.22E-02 1.35 1.53 1.07
ENSRNOG00000007764 Frmd4b 3.67 4.22E-02 3.57 3.89 3.61
ENSRNOG00000032978 Tes 3.67 4.24E-02 1.60 2.22 1.94
ENSRNOG00000042547 RGD1565566 3.67 4.24E-02 4.14 4.17 4.37
ENSRNOG00000050087 Mphosph6 3.66 4.27E-02 4.44 4.62 4.61
ENSRNOG00000000905 Tex26 3.66 4.27E-02 1.73 1.13 1.80
ENSRNOG00000015720 Polr2c 3.65 4.29E-02 4.94 4.77 4.95
ENSRNOG00000031448 Stpg1 3.65 4.30E-02 3.34 2.83 3.25
ENSRNOG00000002793 Sstr2 3.64 4.32E-02 2.96 2.87 3.20
ENSRNOG00000020603 Angptl6 3.64 4.32E-02 0.16 -0.46 0.19
ENSRNOG00000004810 Plcb1 3.63 4.36E-02 5.78 5.95 5.67
ENSRNOG00000013194 Rps6ka2 3.63 4.36E-02 7.17 6.95 6.98
ENSRNOG00000001455 Kif13a 3.63 4.37E-02 5.49 5.66 5.46
ENSRNOG00000016177 Scara3 3.62 4.38E-02 4.62 5.15 4.58
101 
 
Table A.1: Statistically Significant Genes, continued  
 
  
ENSRNOG00000019915 Xrcc1 3.62 4.39E-02 5.14 4.91 5.11
ENSRNOG00000009630 Hsd17b12 3.62 4.40E-02 6.61 6.78 6.66
ENSRNOG00000049115 Ccr5 3.62 4.40E-02 2.96 3.66 2.77
ENSRNOG00000001877 Med15 3.61 4.41E-02 5.28 5.24 5.13
ENSRNOG00000016182 Tgfa 3.61 4.41E-02 5.14 5.38 5.05
ENSRNOG00000016890 Tppp3 3.61 4.43E-02 6.70 6.40 6.70
ENSRNOG00000007268 RGD1561796 3.61 4.44E-02 1.20 0.97 1.49
ENSRNOG00000009997 Erap1 3.60 4.45E-02 4.63 4.94 4.69
ENSRNOG00000007283 Erlec1 3.60 4.45E-02 6.79 6.71 6.87
ENSRNOG00000022116 Gjb6 3.60 4.46E-02 5.47 5.95 5.56
ENSRNOG00000039562 GNG5 3.60 4.46E-02 -0.63 0.45 -0.94
ENSRNOG00000020552 Fosl1 3.60 4.47E-02 1.37 1.81 1.31
ENSRNOG00000042821 Cd59 3.59 4.48E-02 7.47 7.68 7.53
ENSRNOG00000004409 Sash3 3.59 4.48E-02 1.54 1.80 1.30
ENSRNOG00000013911 Nagk 3.59 4.48E-02 4.02 3.76 4.04
ENSRNOG00000016987 Pstpip2 3.59 4.49E-02 1.40 1.51 1.08
ENSRNOG00000014336 Mcm5 3.58 4.52E-02 -0.08 0.68 0.36
ENSRNOG00000030131 Zscan30 3.58 4.52E-02 0.79 0.14 0.74
ENSRNOG00000024170 Phf5a 3.58 4.53E-02 3.85 4.01 3.98
ENSRNOG00000016960 Polr3e 3.58 4.53E-02 4.89 4.66 4.85
ENSRNOG00000015913 Tspan5 3.58 4.53E-02 6.23 6.38 6.20
ENSRNOG00000006515 Klhl15 3.58 4.54E-02 1.42 1.65 1.66
ENSRNOG00000012440 Msra 3.58 4.54E-02 1.60 1.05 1.56
ENSRNOG00000002144 Sec3l1 3.57 4.54E-02 5.15 5.29 5.15
ENSRNOG00000005479 Slc1a2 3.57 4.54E-02 9.36 9.65 9.20
ENSRNOG00000015077 Acsf3 3.57 4.55E-02 4.01 3.69 3.96
ENSRNOG00000011909 Rasa2 3.57 4.55E-02 3.48 3.75 3.44
ENSRNOG00000031814 Sort1 3.57 4.56E-02 7.09 7.17 6.94
ENSRNOG00000025053 Lrp1 3.57 4.57E-02 9.39 9.69 9.38
ENSRNOG00000048708 Exosc1 3.56 4.58E-02 3.13 2.84 3.12
ENSRNOG00000019357 Tax1bp3 3.56 4.58E-02 2.89 3.19 2.80
ENSRNOG00000010524 Cryab 3.56 4.59E-02 4.10 4.97 4.03
ENSRNOG00000024567 E130309D02Rik 3.55 4.62E-02 3.83 3.65 3.78
ENSRNOG00000024382 Fcgr3a 3.55 4.63E-02 1.06 1.52 0.70
ENSRNOG00000020353 Sh3pxd2a 3.55 4.64E-02 3.79 3.62 3.61
ENSRNOG00000014135 Rab11fip4 3.55 4.64E-02 7.21 7.23 7.11
ENSRNOG00000022567 Gpr62 3.55 4.64E-02 2.33 2.73 2.11
ENSRNOG00000026517 Vrk3 3.54 4.65E-02 4.27 4.42 4.24
ENSRNOG00000017777 Ahcy 3.54 4.65E-02 5.75 5.60 5.79
ENSRNOG00000050166 3.54 4.66E-02 2.79 2.95 2.63
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ENSRNOG00000004757 Tmem158 3.54 4.67E-02 5.64 5.21 5.58
ENSRNOG00000019387 Ifi30 3.54 4.67E-02 2.79 3.26 2.82
ENSRNOG00000043377 Fdps 3.54 4.67E-02 7.20 7.02 7.21
ENSRNOG00000014187 Igf1r 3.53 4.69E-02 4.31 4.49 4.11
ENSRNOG00000043044 Cnn2 3.53 4.69E-02 1.22 1.74 1.11
ENSRNOG00000025793 Usp31 3.53 4.70E-02 6.05 6.09 5.87
ENSRNOG00000043201 Adck3 3.53 4.70E-02 4.07 4.33 4.02
ENSRNOG00000010575 Dapp1 3.53 4.70E-02 1.59 1.89 1.22
ENSRNOG00000011040 3.53 4.71E-02 6.36 6.17 6.29
ENSRNOG00000049110 Dpm2 3.53 4.71E-02 4.30 4.46 4.43
ENSRNOG00000008024 Pxk 3.52 4.72E-02 5.20 5.41 5.14
ENSRNOG00000046318 Cox11 3.52 4.73E-02 2.98 2.74 3.04
ENSRNOG00000015259 Pth2r 3.52 4.73E-02 0.99 0.70 1.39
ENSRNOG00000050046 3.52 4.73E-02 1.16 0.56 0.84
ENSRNOG00000029574 Rps4x 3.52 4.74E-02 6.94 6.97 7.07
ENSRNOG00000026833 Ube4a 3.52 4.74E-02 7.11 7.17 7.03
ENSRNOG00000002099 Wdfy3 3.52 4.75E-02 8.29 8.48 8.24
ENSRNOG00000016574 Fiz1 3.51 4.75E-02 3.89 4.11 3.91
ENSRNOG00000045967 3.51 4.76E-02 6.08 5.83 5.90
ENSRNOG00000015575 Rab11fip5 3.51 4.76E-02 6.74 6.74 6.61
ENSRNOG00000033921 Als2cl 3.51 4.78E-02 2.48 1.92 2.46
ENSRNOG00000046143 Perld1 3.51 4.78E-02 2.62 2.29 2.64
ENSRNOG00000001061 Rilpl2 3.50 4.80E-02 4.08 4.32 4.19
ENSRNOG00000000288 Scarf2 3.50 4.81E-02 4.11 3.74 4.30
ENSRNOG00000008820 Hmcn2 3.50 4.81E-02 1.52 -0.44 1.40
ENSRNOG00000031129 Carm1 3.50 4.82E-02 5.52 5.37 5.47
ENSRNOG00000020203 Ptpn20b 3.49 4.83E-02 0.06 0.74 -0.52
ENSRNOG00000015744 Spata25 3.49 4.84E-02 1.45 1.99 1.58
ENSRNOG00000020216 Gmpr2 3.49 4.84E-02 4.16 4.24 4.32
ENSRNOG00000008000 Syt13 3.49 4.85E-02 6.43 6.54 6.31
ENSRNOG00000029308 Lrmp 3.49 4.86E-02 2.41 1.96 2.43
ENSRNOG00000019645 Osbp2 3.48 4.86E-02 4.75 4.98 4.74
ENSRNOG00000033024 3.48 4.87E-02 4.34 4.39 4.50
ENSRNOG00000019618 Hdac3 3.48 4.87E-02 5.68 5.49 5.66
ENSRNOG00000046023 Exoc4 3.48 4.88E-02 5.71 5.77 5.60
ENSRNOG00000028946 Cdc42ep4 3.48 4.88E-02 6.07 6.35 6.13
ENSRNOG00000047756 Mef2a 3.48 4.88E-02 5.77 5.69 5.61
ENSRNOG00000016818 Fgfr3 3.48 4.89E-02 7.03 7.25 6.99
ENSRNOG00000001518 Itga6 3.47 4.90E-02 5.91 6.15 5.88
ENSRNOG00000015332 Thoc1 3.47 4.91E-02 4.31 4.12 4.39
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ENSRNOG00000009871 Piwil2 3.47 4.91E-02 0.81 1.34 0.82
ENSRNOG00000000207 RGD1565766 3.47 4.93E-02 3.73 3.50 3.74
ENSRNOG00000038024 Gm10874 3.46 4.93E-02 2.24 2.52 2.07
ENSRNOG00000026921 Rpl32-ps1 3.46 4.94E-02 3.08 2.85 2.94
ENSRNOG00000008416 Gimap5 3.46 4.94E-02 -0.76 0.18 -0.07
ENSRNOG00000005210 Gnai1 3.46 4.95E-02 6.79 6.62 6.76
ENSRNOG00000033346 Gpbp1l1 3.46 4.96E-02 -0.39 -0.59 0.02
ENSRNOG00000007034 Hipk2 3.46 4.96E-02 6.59 6.93 6.46
ENSRNOG00000017201 Cd2bp2 3.46 4.96E-02 6.88 6.77 6.96
ENSRNOG00000009296 Snapc1 3.45 4.98E-02 3.71 3.77 3.91
ENSRNOG00000010320 Efnb3 3.45 4.98E-02 6.98 6.76 7.10
ENSRNOG00000005434 Sptbn1 3.45 5.00E-02 9.87 9.98 9.84
104 
 
Table A.2: Gene Fold Regulation For RT-PCR
 
Fold Regulation p-value Fold Regulation p-value
Acly ATP citrate lyase 1.97 0.25 2.15 0.24
Aco1
Aconitase 1, 
soluble
2.26 0.15 2.40 0.17
Aco2
Aconitase 2, 
mitochondrial
2.03 0.21 1.96 0.34
Agl
Amylo-1,6-
glucosidase, 4-
alpha-
glucanotransferase
1.67 0.42 1.78 0.38
Aldoa
Aldolase A, 
fructose-
bisphosphate
-1.17 0.11 1.01 0.87
Aldob
Aldolase B, 
fructose-
bisphosphate
1.29 0.58 2.13 0.19
Aldoc
Aldolase C, 
fructose-
bisphosphate
2.21 0.23 2.38 0.24
Bpgm
2,3-
bisphosphoglycerat
e mutase
1.08 0.70 1.17 0.48
Cs Citrate synthase 1.49 0.37 1.18 0.91
Dlat
Dihydrolipoamide S-
acetyltransferase
1.17 0.31 -1.03 0.93
Dld
Dihydrolipoamide 
dehydrogenase
-1.01 0.94 1.21 0.16
Dlst
Dihydrolipoamide S-
succinyltransferase 
(E2 component of 2-
oxo-glutarate 
complex)
1.27 0.13 1.03 0.84
Eno1 Enolase 1, (alpha) 2.83 0.25 2.54 0.46
Eno2
Enolase 2, gamma, 
neuronal
1.94 0.39 2.21 0.30
Eno3
Enolase 3, beta, 
muscle
1.44 0.23 1.84 0.10
Gene Name Gene Description
Recurrent v. Control Acute v. Control
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H6pd
Hexose-6-
phosphate 
dehydrogenase 
(glucose 1-
dehydrogenase)
2.50 0.26 2.07 0.58
Hk2 Hexokinase 2 2.52 0.07 2.56 0.08
Hk3
Hexokinase 3 
(white cell)
1.65 0.26 2.26 0.15
Idh1
Isocitrate 
dehydrogenase 1 
(NADP+), soluble
1.18 0.65 1.29 0.42
Idh2
Isocitrate 
dehydrogenase 2 
(NADP+), 
mitochondrial
1.30 0.22 1.66 0.06
Idh3a
Isocitrate 
dehydrogenase 3 
(NAD+) alpha
-1.02 0.60 1.14 0.37
Idh3b
Isocitrate 
dehydrogenase 3 
(NAD+) beta
1.50 0.21 1.60 0.23
Idh3g
Isocitrate 
dehydrogenase 3 
(NAD), gamma
1.30 0.31 1.33 0.38
Mdh1
Malate 
dehydrogenase 1, 
NAD (soluble)
1.11 0.31 1.22 0.26
Mdh1b
Malate 
dehydrogenase 1B, 
NAD (soluble)
1.17 0.20 -1.05 0.94
Mdh2
Malate 
dehydrogenase 2, 
NAD 
(mitochondrial)
-1.02 0.77 1.07 0.75
Ogdhl
Oxoglutarate 
dehydrogenase-like
1.25 0.22 -1.02 0.98
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Pc
Pyruvate 
carboxylase
1.72 0.40 1.57 0.61
Pck1
Phosphoenolpyruva
te carboxykinase 1 
(soluble)
-1.82 0.29 -6.57 0.23
Pck2
Phosphoenolpyruva
te carboxykinase 2 
(mitochondrial)
1.95 0.42 2.61 0.15
Pdha2
Pyruvate 
dehydrogenase 
(lipoamide) alpha 2
-1.82 0.29 -10.22 0.20
Pdhb
Pyruvate 
dehydrogenase 
(lipoamide) beta
1.11 0.78 1.16 0.66
Pdhx
Pyruvate 
dehydrogenase 
complex, 
component X
1.17 0.35 1.14 0.56
Pdk1
Pyruvate 
dehydrogenase 
kinase, isozyme 1
1.11 0.45 1.13 0.47
Pdk2
Pyruvate 
dehydrogenase 
kinase, isozyme 2
-1.31 0.25 -1.10 0.68
Pdk3
Pyruvate 
dehydrogenase 
kinase, isozyme 3
-1.07 0.47 -1.10 0.70
Pdk4
Pyruvate 
dehydrogenase 
kinase, isozyme 4
1.11 0.95 1.15 0.92
Pdp2
Pyruvate 
dehyrogenase 
phosphatase 
catalytic subunit 2
1.17 0.41 1.37 0.27
Pdpr
Pyruvate 
dehydrogenase 
phosphatase 
regulatory subunit
1.86 0.11 1.89 0.15
Pfkl
Phosphofructokinas
e, liver
3.36 0.10 3.04 0.24
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Pgam2
Phosphoglycerate 
mutase 2 (muscle)
1.85 0.34 1.73 0.52
Pgk1
Phosphoglycerate 
kinase 1
1.48 0.51 1.85 0.22
Pgk2
Phosphoglycerate 
kinase 2
-1.82 0.29 -10.22 0.20
Pgls
6-
phosphogluconolact
onase
2.79 0.07 2.52 0.30
Pgm1
Phosphoglucomutas
e 1
1.57 0.24 1.48 0.41
Pgm2
Phosphoglucomutas
e 2
-1.12 0.41 1.03 0.99
Pgm3
Phosphoglucomutas
e 3
1.21 0.28 1.34 0.16
Phka1
Phosphorylase 
kinase, alpha 1
1.08 0.67 1.11 0.60
Phkb
Phosphorylase 
kinase, beta
-1.07 0.68 1.60 0.02
Phkg1
Phosphorylase 
kinase, gamma 1
1.97 0.35 2.19 0.27
Phkg2
Phosphorylase 
kinase, gamma 2 
(testis)
1.38 0.57 1.84 0.24
Pklr
Pyruvate kinase, 
liver and RBC
-1.87 0.16 -1.15 0.55
Prps1
Phosphoribosyl 
pyrophosphate 
synthetase 1
-1.07 0.34 -1.08 0.70
Prps1l1
Phosphoribosyl 
pyrophosphate 
synthetase 1-like 1
-1.72 0.31 -5.45 0.26
Pygl
Phosphorylase, 
glycogen, liver
2.85 0.04 3.16 0.02
Pygm
Phosphorylase, 
glycogen, muscle
1.29 0.36 1.64 0.11
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Rbks Ribokinase 1.52 0.19 1.63 0.18
Rpia
Ribose 5-
phosphate 
isomerase A
1.19 0.17 1.82 0.07
Sdha
Succinate 
dehydrogenase 
complex, subunit A, 
flavoprotein (Fp)
-1.11 0.24 1.14 0.29
Sdhb
Succinate 
dehydrogenase 
complex, subunit B, 
iron sulfur (Ip)
-1.02 0.77 1.13 0.15
Sdhc
Succinate 
dehydrogenase 
complex, subunit C, 
integral membrane 
protein
1.28 0.34 1.15 0.75
Sdhd
Succinate 
dehydrogenase 
complex, subunit D, 
integral membrane 
protein
-1.01 0.84 1.06 0.64
Sucla2
Succinate-CoA 
ligase, ADP-
forming, beta 
subunit
-1.03 0.74 1.27 0.23
Suclg1
Succinate-CoA 
ligase, alpha subunit
1.35 0.39 1.30 0.55
Suclg2
Succinate-CoA 
ligase, GDP-
forming, beta 
subunit
1.25 0.30 1.04 0.83
Taldo1 Transaldolase 1 -1.34 0.12 1.03 0.96
Tkt Transketolase 1.40 0.32 1.61 0.16
Tpi1
Triosephosphate 
isomerase 1
1.57 0.07 1.69 0.14
Ugp2
UDP-glucose 
pyrophosphorylase 
2
-1.05 0.82 1.19 0.00
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Actb Actin, beta 1.44 0.20 1.31 0.45
B2m
Beta-2 
microglobulin
-1.33 0.27 -1.16 0.55
Hprt1
Hypoxanthine 
phosphoribosyltrans
ferase 1
-1.33 0.26 -1.16 0.54
Ldha
Lactate 
dehydrogenase A
1.49 0.25 1.05 0.82
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ENSRNOG00000009515 Pgm3 3.44 5.01E-02 4.17 4.03 4.23
ENSRNOG00000009889 Pgm1 2.50 1.05E-01 6.34 6.43 6.45
ENSRNOG00000028543 2.43 1.11E-01 5.56 5.55 5.46
ENSRNOG00000006947 Pdhx 2.19 1.36E-01 4.79 4.68 4.70
ENSRNOG00000034254 Actb 2.16 1.40E-01 9.87 9.75 9.87
ENSRNOG00000001517 Pdk1 2.03 1.55E-01 4.64 4.50 4.63
ENSRNOG00000009994 Dlat 2.02 1.56E-01 5.42 5.51 5.39
ENSRNOG00000013949 Idh2 1.92 1.70E-01 5.61 5.80 5.67
ENSRNOG00000001440 Mdh2 1.84 1.83E-01 7.45 7.30 7.42
ENSRNOG00000009565 Pdk4 1.82 1.85E-01 2.78 3.20 2.82
ENSRNOG00000021009 Gapdhs 1.79 1.90E-01 1.37 1.64 1.35
ENSRNOG00000008079 Ugp2 1.67 2.11E-01 6.04 6.22 6.07
ENSRNOG00000003063 Phka1 1.62 2.20E-01 5.04 5.20 5.02
ENSRNOG00000020902 G6pc3 1.46 2.55E-01 5.57 5.48 5.58
ENSRNOG00000006116 Hk2 1.46 2.55E-01 3.24 3.44 3.16
ENSRNOG00000013009 Ldha 1.40 2.67E-01 6.53 6.47 6.60
ENSRNOG00000010133 Bpgm 1.35 2.80E-01 6.22 6.10 6.24
ENSRNOG00000012343 Pdp2 1.28 2.97E-01 2.85 2.99 3.03
ENSRNOG00000011452 Aldoc 1.17 3.29E-01 9.52 9.69 9.59
ENSRNOG00000031706 1.17 3.30E-01 4.10 4.21 4.04
ENSRNOG00000012891 Mdh1b 1.04 3.69E-01 1.50 1.17 1.42
ENSRNOG00000005576 Rpia 1.01 3.81E-01 3.16 3.33 3.18
ENSRNOG00000023520 Cs 1.00 3.83E-01 7.57 7.55 7.50
ENSRNOG00000013331 Sdha 0.89 4.27E-01 8.19 8.14 8.15
ENSRNOG00000004078 Eno3 0.86 4.39E-01 1.37 1.62 1.47
ENSRNOG00000025166 Prps1 0.84 4.44E-01 6.92 6.79 6.87
ENSRNOG00000007023 Galm 0.81 4.56E-01 3.04 3.19 3.20
ENSRNOG00000020812 Gys1 0.78 4.72E-01 5.00 5.10 5.00
ENSRNOG00000023150 Gpi 0.76 4.78E-01 8.91 8.83 8.92
ENSRNOG00000001214 Pfkl 0.75 4.82E-01 7.32 7.26 7.37
ENSRNOG00000006364 Dld 0.73 4.92E-01 6.86 6.81 6.89
ENSRNOG00000022593 Pdpr 0.69 5.11E-01 4.18 4.27 4.16
ENSRNOG00000019955 Ogdhl 0.67 5.22E-01 6.50 6.42 6.48
ENSRNOG00000012513 Pdk3 0.65 5.32E-01 4.83 4.79 4.71
ENSRNOG00000022980 Sdhd 0.64 5.37E-01 6.05 6.10 6.01
ENSRNOG00000002185 Pgm2 0.60 5.59E-01 3.67 3.61 3.71
ENSRNOG00000016064 Tkt 0.58 5.67E-01 7.56 7.50 7.55
ENSRNOG00000005686 Suclg2 0.55 5.85E-01 5.90 5.99 5.93
ENSRNOG00000013874 Rplp1 0.49 6.18E-01 5.17 5.20 5.24
ENSRNOG00000006388 Pygl 0.47 6.31E-01 2.72 2.55 2.89
ENSRNOG00000020417 Gsk3a 0.47 6.34E-01 6.86 6.84 6.82
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ENSRNOG00000011955 RPLP1 0.43 6.53E-01 5.25 5.36 5.30
ENSRNOG00000014447 Gck 0.42 6.65E-01 3.95 3.91 4.04
ENSRNOG00000020420 Pklr 0.40 6.77E-01 0.34 0.56 0.46
ENSRNOG00000005849 Aco1 0.37 6.94E-01 5.40 5.35 5.41
ENSRNOG00000023647 Aldoa 0.36 6.99E-01 9.63 9.57 9.60
ENSRNOG00000018367 Taldo1 0.36 7.01E-01 6.10 6.05 6.11
ENSRNOG00000002833 Gsk3b 0.36 7.01E-01 6.40 6.42 6.34
ENSRNOG00000007895 Pdhb 0.31 7.34E-01 6.74 6.66 6.74
ENSRNOG00000000920 Phkg1 0.29 7.54E-01 2.88 3.01 2.92
ENSRNOG00000017123 B2m 0.26 7.74E-01 8.14 8.20 8.18
ENSRNOG00000005587 Suclg1 0.23 7.98E-01 6.74 6.72 6.70
ENSRNOG00000013532 Pgam2 0.22 8.05E-01 2.31 2.28 2.35
ENSRNOG00000016924 Acly 0.21 8.12E-01 8.32 8.34 8.31
ENSRNOG00000004710 Rbks 0.18 8.35E-01 2.36 2.43 2.44
ENSRNOG00000003163 Sdhc 0.17 8.42E-01 6.96 7.00 6.96
ENSRNOG00000002467 Pgk1 0.17 8.42E-01 8.29 8.27 8.25
ENSRNOG00000003653 Fh 0.17 8.46E-01 5.86 5.87 5.83
ENSRNOG00000007967 Sdhb 0.15 8.63E-01 6.52 6.54 6.50
ENSRNOG00000024101 Phkb 0.14 8.69E-01 5.40 5.44 5.41
ENSRNOG00000017895 Eno1 0.11 8.99E-01 6.66 6.68 6.63
ENSRNOG00000007316 Idh3B 0.10 9.01E-01 6.61 6.57 6.60
ENSRNOG00000017481 Sucla2 0.09 9.12E-01 7.26 7.23 7.26
ENSRNOG00000010277 Idh3a 0.07 9.33E-01 7.89 7.89 7.88
ENSRNOG00000018630 Gapdh 0.07 9.33E-01 4.20 4.22 4.23
ENSRNOG00000016214 Agl 0.06 9.38E-01 6.71 6.71 6.74
ENSRNOG00000017523 H6pd 0.06 9.44E-01 3.37 3.37 3.34
ENSRNOG00000008103 Mdh1 0.05 9.52E-01 8.78 8.79 8.76
ENSRNOG00000037254 G6pd 0.03 9.66E-01 6.08 6.10 6.09
ENSRNOG00000033307 0.03 9.67E-01 7.15 7.17 7.15
ENSRNOG00000024128 Aco2 0.03 9.69E-01 8.76 8.76 8.75
ENSRNOG00000019372 Pc 0.02 9.76E-01 6.81 6.79 6.79
ENSRNOG00000005061 Dlst 0.01 9.86E-01 6.69 6.69 6.69
ENSRNOG00000033057 RGD1560797 0.01 9.89E-01 0.31 0.30 0.33
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Table A.4: Genes Correlated with PC1
 
Ensembl ID Gene Name p-value  +/- correlation R Square
ENSRNOG00000000248 Srsf2 1.81E-06 + 0.67
ENSRNOG00000013251 Trim24 5.63E-06 + 0.63
ENSRNOG00000020951 Slc4a1 7.69E-06 + 0.62
ENSRNOG00000019105 Dpp8 8.37E-06 - 0.62
ENSRNOG00000021090 Pygm 8.77E-06 - 0.62
ENSRNOG00000033251 9.84E-06 + 0.61
ENSRNOG00000008190 Pnpla7 1.16E-05 - 0.61
ENSRNOG00000014856 Etnk1 1.43E-05 - 0.60
ENSRNOG00000029127 Parp16 2.61E-05 + 0.58
ENSRNOG00000017330 Gm9905 3.10E-05 + 0.57
ENSRNOG00000042173 Shisa9 3.37E-05 - 0.57
ENSRNOG00000000167 Alas2 3.54E-05 + 0.57
ENSRNOG00000048282 Mpnd 3.67E-05 + 0.56
ENSRNOG00000012804 C1qc 3.82E-05 - 0.56
ENSRNOG00000031912 5.36E-05 - 0.55
ENSRNOG00000007130 Endou 5.99E-05 - 0.54
ENSRNOG00000019183 Alox15 6.25E-05 + 0.54
ENSRNOG00000015594 Rftn2 6.37E-05 - 0.54
ENSRNOG00000033667 Lmbr1l 6.49E-05 + 0.54
ENSRNOG00000007290 Atp1a2 6.68E-05 - 0.54
ENSRNOG00000011295 Anapc2 6.71E-05 + 0.54
ENSRNOG00000019772 Dnpep 7.26E-05 + 0.54
ENSRNOG00000003343 Canx 7.41E-05 - 0.53
ENSRNOG00000021011 Fut2 8.07E-05 - 0.53
ENSRNOG00000006569 Itgb8 8.41E-05 - 0.53
ENSRNOG00000011227 Atp1b2 8.62E-05 - 0.53
ENSRNOG00000012749 C1qb 9.00E-05 - 0.53
ENSRNOG00000007894 Mpdz 1.05E-04 - 0.52
ENSRNOG00000013585 Nmnat3 1.06E-04 - 0.52
ENSRNOG00000036680 Notum 1.09E-04 + 0.52
ENSRNOG00000001215 RGD1309594 1.10E-04 + 0.52
ENSRNOG00000023991 Rab20 1.13E-04 - 0.52
ENSRNOG00000037263 Irak1 1.17E-04 + 0.51
ENSRNOG00000010334 Cnot10 1.25E-04 + 0.51
ENSRNOG00000016596 Hspa4 1.29E-04 - 0.51
ENSRNOG00000042556 Bmyc 1.64E-04 + 0.50
ENSRNOG00000029988 1.64E-04 + 0.50
ENSRNOG00000012938 Psmb3 1.66E-04 + 0.50
ENSRNOG00000012927 Rrp9 1.74E-04 + 0.50
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ENSRNOG00000011427 Hr 1.82E-04 - 0.49
ENSRNOG00000018622 Trim27 1.92E-04 + 0.49
ENSRNOG00000033921 Als2cl 1.98E-04 + 0.49
ENSRNOG00000014479 Cttnbp2nl 2.05E-04 - 0.49
ENSRNOG00000003336 Mybph 2.10E-04 - 0.49
ENSRNOG00000021157 Ctss 2.14E-04 - 0.49
ENSRNOG00000010819 Hspa4l 2.28E-04 - 0.48
ENSRNOG00000012153 Rbl2 2.29E-04 - 0.48
ENSRNOG00000047321 Hba2 2.31E-04 + 0.48
ENSRNOG00000045920 Mcu 2.31E-04 + 0.48
ENSRNOG00000013506 Zfand6 2.37E-04 - 0.48
ENSRNOG00000036685 Npb 2.51E-04 + 0.48
ENSRNOG00000029886 Hba-a2 2.52E-04 + 0.48
ENSRNOG00000014454 Ap1m1 2.70E-04 + 0.48
ENSRNOG00000046318 Cox11 2.90E-04 + 0.47
ENSRNOG00000000704 Cmklr1 3.03E-04 - 0.47
ENSRNOG00000016456 IL33 3.15E-04 - 0.47
ENSRNOG00000016923 Clptm1l 3.18E-04 + 0.47
ENSRNOG00000026211 Mri1 3.24E-04 + 0.47
ENSRNOG00000005391 Prex2 3.24E-04 - 0.47
ENSRNOG00000028207 Colgalt2 3.29E-04 + 0.47
ENSRNOG00000001493 KPTN 3.32E-04 + 0.47
ENSRNOG00000011504 Akap2 3.77E-04 - 0.46
ENSRNOG00000048433 Tshz2 3.86E-04 - 0.46
ENSRNOG00000049424 Hbb 3.87E-04 + 0.46
ENSRNOG00000013045 Setd7 3.90E-04 - 0.46
ENSRNOG00000020533 Htra1 3.95E-04 - 0.46
ENSRNOG00000021057 Osbp 3.98E-04 + 0.46
ENSRNOG00000029191 Gbp7 3.99E-04 - 0.46
ENSRNOG00000014448 Arntl 4.06E-04 - 0.46
ENSRNOG00000039576 Suv39h1 4.25E-04 + 0.45
ENSRNOG00000026604 Cercam 4.33E-04 + 0.45
ENSRNOG00000013231 Ptafr 4.35E-04 - 0.45
ENSRNOG00000005769 Smg8 4.51E-04 + 0.45
ENSRNOG00000050639 Nwd1 4.65E-04 - 0.45
ENSRNOG00000015206 Alad 4.69E-04 + 0.45
ENSRNOG00000018326 Pgls 4.73E-04 + 0.45
ENSRNOG00000029914 Cacna1i 5.14E-04 - 0.44
ENSRNOG00000000207 RGD1565766 5.17E-04 + 0.44
ENSRNOG00000000826 Flot1 5.20E-04 + 0.44
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ENSRNOG00000008637 Strada 5.32E-04 + 0.44
ENSRNOG00000031230 5.34E-04 + 0.44
ENSRNOG00000002519 Magt1 5.82E-04 - 0.44
ENSRNOG00000033765 Eif1 6.02E-04 - 0.44
ENSRNOG00000011213 Blm 6.04E-04 + 0.44
ENSRNOG00000027252 Pla1a 6.46E-04 - 0.43
ENSRNOG00000031275 RGD1559938 6.50E-04 + 0.43
ENSRNOG00000022008 Taf1a 6.52E-04 + 0.43
ENSRNOG00000003815 Slc25a11 6.58E-04 + 0.43
ENSRNOG00000004169 Fzr1 6.75E-04 + 0.43
ENSRNOG00000003170 Nlrp3 6.89E-04 - 0.43
ENSRNOG00000011494 Rpl36a 7.09E-04 - 0.43
ENSRNOG00000003442 Adora1 7.16E-04 - 0.43
ENSRNOG00000038001 Slc25a1 7.51E-04 + 0.42
ENSRNOG00000019330 Procr 7.59E-04 - 0.42
ENSRNOG00000049052 Sgk3 7.66E-04 - 0.42
ENSRNOG00000022790 7.80E-04 - 0.42
ENSRNOG00000012204 AU040320 7.86E-04 + 0.42
ENSRNOG00000012062 Npc2 8.11E-04 - 0.42
ENSRNOG00000048110 8.27E-04 + 0.42
ENSRNOG00000019354 Ptch1 8.30E-04 - 0.42
ENSRNOG00000018509 Cx3cr1 8.61E-04 - 0.42
ENSRNOG00000000867 Vars 8.91E-04 + 0.42
ENSRNOG00000046420 9.02E-04 - 0.42
ENSRNOG00000013343 Myg1 9.05E-04 + 0.42
ENSRNOG00000027540 Fam102b 9.30E-04 - 0.41
ENSRNOG00000018536 Pck2 9.40E-04 + 0.41
ENSRNOG00000037799 Hdx 9.59E-04 - 0.41
ENSRNOG00000006503 Frmd3 9.73E-04 + 0.41
ENSRNOG00000018228 Cog2 1.01E-03 + 0.41
ENSRNOG00000013674 Megf10 1.07E-03 - 0.41
ENSRNOG00000013895 Npdc1 1.09E-03 + 0.41
ENSRNOG00000013913 Piezo1 1.10E-03 - 0.40
ENSRNOG00000027770 Trpm3 1.11E-03 - 0.40
ENSRNOG00000003158 Gm8444 1.11E-03 - 0.40
ENSRNOG00000021726 Tlr3 1.16E-03 - 0.40
ENSRNOG00000019743 Tmem63b 1.17E-03 + 0.40
ENSRNOG00000009719 C2cd2l 1.19E-03 + 0.40
ENSRNOG00000001960 Sult1d1 1.22E-03 - 0.40
ENSRNOG00000008222 TIMM9 1.25E-03 + 0.40
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ENSRNOG00000011071 Nt5e 1.27E-03 - 0.40
ENSRNOG00000006623 Cd302 1.28E-03 - 0.40
ENSRNOG00000042726 RGD1560775 1.30E-03 + 0.40
ENSRNOG00000042189 Rab31 1.34E-03 - 0.39
ENSRNOG00000028329 Zfp438 1.35E-03 - 0.39
ENSRNOG00000029242 Plekho2 1.43E-03 - 0.39
ENSRNOG00000019023 Tars 1.51E-03 + 0.39
ENSRNOG00000018414 Csf1r 1.58E-03 - 0.39
ENSRNOG00000031171 Wdr46 1.60E-03 + 0.38
ENSRNOG00000003883 1.61E-03 - 0.38
ENSRNOG00000001408 Actl6b 1.71E-03 + 0.38
ENSRNOG00000032609 1.75E-03 - 0.38
ENSRNOG00000000560 Lrrc20 1.80E-03 + 0.38
ENSRNOG00000027359 Slc25a2 1.84E-03 - 0.38
ENSRNOG00000042833 1.87E-03 - 0.38
ENSRNOG00000019310 Eid2 1.90E-03 + 0.37
ENSRNOG00000009046 Phf13 2.03E-03 + 0.37
ENSRNOG00000043377 Fdps 2.05E-03 + 0.37
ENSRNOG00000026236 Morc3 2.05E-03 + 0.37
ENSRNOG00000021231 Prosapip1 2.06E-03 + 0.37
ENSRNOG00000019070 St13 2.09E-03 - 0.37
ENSRNOG00000024567 E130309D02Rik 2.10E-03 + 0.37
ENSRNOG00000021087 Lgi4 2.10E-03 - 0.37
ENSRNOG00000015825 Aurkc 2.11E-03 + 0.37
ENSRNOG00000020876 Bax 2.19E-03 + 0.37
ENSRNOG00000007564 Evc 2.22E-03 - 0.37
ENSRNOG00000042657 Mob1a 2.23E-03 - 0.37
ENSRNOG00000037331 Cd33 2.26E-03 - 0.37
ENSRNOG00000015409 Usp5 2.28E-03 + 0.36
ENSRNOG00000020853 Scap 2.29E-03 - 0.36
ENSRNOG00000021173 Vps45 2.31E-03 + 0.36
ENSRNOG00000028685 Shf 2.32E-03 + 0.36
ENSRNOG00000019108 Rmi1 2.35E-03 + 0.36
ENSRNOG00000014213 Thap1 2.42E-03 + 0.36
ENSRNOG00000011931 Smarca2 2.48E-03 - 0.36
ENSRNOG00000021082 Kdelr1 2.48E-03 + 0.36
ENSRNOG00000008691 Ick 2.50E-03 - 0.36
ENSRNOG00000020291 Fam35a 2.54E-03 - 0.36
ENSRNOG00000005433 Shq1 2.55E-03 + 0.36
ENSRNOG00000012054 Zmpste24 2.67E-03 - 0.36
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ENSRNOG00000002163 Klf3 2.92E-03 - 0.35
ENSRNOG00000042256 Naip5 2.96E-03 - 0.35
ENSRNOG00000029370 Abhd3 3.05E-03 - 0.35
ENSRNOG00000005434 Sptbn1 3.05E-03 - 0.35
ENSRNOG00000011348 Snx14 3.07E-03 - 0.35
ENSRNOG00000008522 Ogg1 3.10E-03 + 0.35
ENSRNOG00000047147 3.12E-03 - 0.35
ENSRNOG00000011195 Prkra 3.31E-03 + 0.34
ENSRNOG00000006589 Mif 3.35E-03 + 0.34
ENSRNOG00000010520 Wrap53 3.41E-03 + 0.34
ENSRNOG00000000308 Zbtb24 3.44E-03 + 0.34
ENSRNOG00000021692 RGD1566100 3.49E-03 + 0.34
ENSRNOG00000022572 Pex19 3.49E-03 + 0.34
ENSRNOG00000008816 Gpnmb 3.61E-03 - 0.34
ENSRNOG00000019455 Ap4b1 3.61E-03 + 0.34
ENSRNOG00000020411 Sec23ip 3.62E-03 + 0.34
ENSRNOG00000000821 Tubb5 3.62E-03 + 0.34
ENSRNOG00000017777 Ahcy 3.64E-03 + 0.34
ENSRNOG00000006331 Elovl5 3.68E-03 - 0.34
ENSRNOG00000015285 Lrp4 3.73E-03 - 0.34
ENSRNOG00000048708 Exosc1 3.76E-03 + 0.34
ENSRNOG00000012495 Podxl 3.82E-03 - 0.33
ENSRNOG00000023299 Hfm1 3.89E-03 + 0.33
ENSRNOG00000007887 Elk4 3.91E-03 - 0.33
ENSRNOG00000010017 Wee1 3.92E-03 + 0.33
ENSRNOG00000018830 Aff3 3.95E-03 - 0.33
ENSRNOG00000024497 U2af1l4 3.96E-03 + 0.33
ENSRNOG00000029500 Tapbp 4.00E-03 + 0.33
ENSRNOG00000007899 Mterf 4.00E-03 + 0.33
ENSRNOG00000008019 Oxr1 4.12E-03 - 0.33
ENSRNOG00000019387 Ifi30 4.18E-03 - 0.33
ENSRNOG00000005210 Gnai1 4.25E-03 + 0.33
ENSRNOG00000015077 Acsf3 4.30E-03 + 0.33
ENSRNOG00000010877 Alg9 4.31E-03 + 0.33
ENSRNOG00000049849 Fam199x 4.32E-03 - 0.33
ENSRNOG00000016907 Ppp5c 4.34E-03 + 0.33
ENSRNOG00000050568 4.43E-03 - 0.33
ENSRNOG00000048686 RGD1564665 4.44E-03 + 0.33
ENSRNOG00000006116 Hk2 4.47E-03 - 0.33
ENSRNOG00000029336 Zfp180 4.49E-03 - 0.33
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ENSRNOG00000008554 Slc9a9 4.50E-03 + 0.33
ENSRNOG00000050837 4.54E-03 + 0.32
ENSRNOG00000003403 Slc35f5 4.63E-03 + 0.32
ENSRNOG00000043378 Nkpd1 4.75E-03 + 0.32
ENSRNOG00000015124 Gpam 4.78E-03 - 0.32
ENSRNOG00000014333 Vcam1 4.81E-03 + 0.32
ENSRNOG00000014008 Mfsd2a 4.88E-03 - 0.32
ENSRNOG00000000314 Sec63 4.90E-03 - 0.32
ENSRNOG00000013790 Mfsd1 4.93E-03 - 0.32
ENSRNOG00000016973 RGD1307262 4.94E-03 - 0.32
ENSRNOG00000024201 4.98E-03 - 0.32
ENSRNOG00000011509 Agk 5.05E-03 + 0.32
ENSRNOG00000014798 RGD1309540 5.05E-03 + 0.32
ENSRNOG00000048145 Sstr1 5.11E-03 + 0.32
ENSRNOG00000005263 Scaf11 5.11E-03 - 0.32
ENSRNOG00000049194 5.28E-03 + 0.32
ENSRNOG00000002714 Mettl22 5.36E-03 + 0.31
ENSRNOG00000050348 Isoc2a 5.37E-03 - 0.31
ENSRNOG00000002993 Zc3h11a 5.37E-03 - 0.31
ENSRNOG00000004180 Fam19a2 5.39E-03 + 0.31
ENSRNOG00000013707 Spata13 5.56E-03 - 0.31
ENSRNOG00000015177 Sun2 5.63E-03 - 0.31
ENSRNOG00000048061 Brcc3 5.65E-03 - 0.31
ENSRNOG00000007214 Oma1 5.66E-03 - 0.31
ENSRNOG00000032664 RT1-O1 5.70E-03 + 0.31
ENSRNOG00000050166 5.73E-03 - 0.31
ENSRNOG00000045615 Tha1 5.79E-03 + 0.31
ENSRNOG00000010575 Dapp1 5.82E-03 - 0.31
ENSRNOG00000022971 Zfp454 5.84E-03 - 0.31
ENSRNOG00000011614 Tmcc1 5.89E-03 - 0.31
ENSRNOG00000018445 Agt 5.91E-03 - 0.31
ENSRNOG00000009630 Hsd17b12 5.96E-03 - 0.31
ENSRNOG00000012781 6.17E-03 + 0.31
ENSRNOG00000023093 Mis18bp1 6.18E-03 - 0.31
ENSRNOG00000017930 Lpcat1 6.23E-03 + 0.31
ENSRNOG00000018635 Ccnb1 6.29E-03 - 0.30
ENSRNOG00000020264 Dhrs1 6.30E-03 + 0.30
ENSRNOG00000010432 6.41E-03 - 0.30
ENSRNOG00000024363 Sertad1 6.42E-03 - 0.30
ENSRNOG00000007412 Dok1 6.49E-03 + 0.30
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ENSRNOG00000018126 Abca1 6.50E-03 - 0.30
ENSRNOG00000021678 Alkbh3 6.56E-03 - 0.30
ENSRNOG00000001925 Leprel1 6.57E-03 + 0.30
ENSRNOG00000026243 Ap2a1 6.58E-03 + 0.30
ENSRNOG00000004186 Snx13 6.71E-03 - 0.30
ENSRNOG00000021855 Kcp 6.74E-03 + 0.30
ENSRNOG00000028839 Cyb561d1 6.80E-03 + 0.30
ENSRNOG00000000137 Ly86 6.82E-03 - 0.30
ENSRNOG00000026651 Itpr3 6.88E-03 - 0.30
ENSRNOG00000017657 Phf23 6.93E-03 + 0.30
ENSRNOG00000019601 Mapk3 6.93E-03 + 0.30
ENSRNOG00000011402 Isg20l2 6.94E-03 + 0.30
ENSRNOG00000014948 Osgin1 7.01E-03 - 0.30
ENSRNOG00000007033 Sorcs2 7.08E-03 - 0.30
ENSRNOG00000009832 Slc39a14 7.12E-03 - 0.30
ENSRNOG00000030131 Zscan30 7.16E-03 + 0.30
ENSRNOG00000011909 Rasa2 7.21E-03 - 0.30
ENSRNOG00000011876 Fxr2 7.35E-03 + 0.30
ENSRNOG00000008927 Hbp1 7.38E-03 - 0.30
ENSRNOG00000014691 Ric3 7.42E-03 - 0.29
ENSRNOG00000038489 Sumo3 7.42E-03 + 0.29
ENSRNOG00000012549 Hs2st1 7.83E-03 + 0.29
ENSRNOG00000009886 Fkbp14 8.04E-03 - 0.29
ENSRNOG00000003673 Nup85 8.15E-03 + 0.29
ENSRNOG00000017804 Sept1 8.25E-03 - 0.29
ENSRNOG00000003695 RGD1310572 8.33E-03 + 0.29
ENSRNOG00000011386 Nhsl1 8.33E-03 - 0.29
ENSRNOG00000045950 Tmc6 8.34E-03 + 0.29
ENSRNOG00000008720 Wbp1 8.38E-03 + 0.29
ENSRNOG00000007968 RGD1305350 8.54E-03 + 0.29
ENSRNOG00000007194 Cpsf3 8.66E-03 - 0.29
ENSRNOG00000000477 Daxx 8.70E-03 + 0.29
ENSRNOG00000007283 Erlec1 8.70E-03 + 0.28
ENSRNOG00000001380 Tpcn1 8.71E-03 - 0.28
ENSRNOG00000014592 Zbtb46 8.90E-03 - 0.28
ENSRNOG00000048577 Zfp967 8.99E-03 - 0.28
ENSRNOG00000050282 Srcap 9.03E-03 - 0.28
ENSRNOG00000025998 Aim1 9.09E-03 - 0.28
ENSRNOG00000027451 Mettl25 9.19E-03 + 0.28
ENSRNOG00000011667 Fastk 9.26E-03 + 0.28
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ENSRNOG00000002636 Abat 9.35E-03 - 0.28
ENSRNOG00000037229 Gmppb 9.61E-03 + 0.28
ENSRNOG00000015180 Kdm8 9.68E-03 - 0.28
ENSRNOG00000019750 Kcna1 9.81E-03 - 0.28
ENSRNOG00000026745 Acsl6 9.81E-03 - 0.28
ENSRNOG00000005971 Gpr176 9.85E-03 + 0.28
ENSRNOG00000050106 Rcc1 9.90E-03 + 0.28
ENSRNOG00000000096 Pdzk1 1.01E-02 + 0.28
ENSRNOG00000005144 Tmem18 1.02E-02 + 0.28
ENSRNOG00000018681 Nes 1.03E-02 + 0.27
ENSRNOG00000014519 Slc35g3 1.03E-02 - 0.27
ENSRNOG00000016610 Arhgap1 1.06E-02 + 0.27
ENSRNOG00000015812 Tm4sf1 1.07E-02 - 0.27
ENSRNOG00000004372 Cbln4 1.07E-02 + 0.27
ENSRNOG00000002144 Sec3l1 1.09E-02 - 0.27
ENSRNOG00000002669 RGD1307222 1.10E-02 + 0.27
ENSRNOG00000014805 Wdr8 1.15E-02 + 0.27
ENSRNOG00000030404 Arrb1 1.15E-02 - 0.27
ENSRNOG00000009565 Pdk4 1.16E-02 - 0.27
ENSRNOG00000018366 RGD1310819 1.16E-02 + 0.27
ENSRNOG00000011799 CCDC159 1.17E-02 + 0.27
ENSRNOG00000019921 Rhbdl1 1.18E-02 + 0.27
ENSRNOG00000033026 Dclk3 1.19E-02 + 0.27
ENSRNOG00000019529 Btbd1 1.20E-02 - 0.26
ENSRNOG00000034040 Rnf113a1 1.21E-02 + 0.26
ENSRNOG00000014293 Nkd1 1.21E-02 - 0.26
ENSRNOG00000047781 Slc25a23 1.22E-02 - 0.26
ENSRNOG00000009448 Papln 1.23E-02 + 0.26
ENSRNOG00000010894 Tmem203 1.23E-02 + 0.26
ENSRNOG00000047757 EPC1 1.25E-02 + 0.26
ENSRNOG00000047873 Sec22c 1.26E-02 - 0.26
ENSRNOG00000020273 Maz 1.27E-02 + 0.26
ENSRNOG00000015913 Tspan5 1.28E-02 - 0.26
ENSRNOG00000025625 Rnase4 1.28E-02 - 0.26
ENSRNOG00000042903 Cox7a2 1.29E-02 - 0.26
ENSRNOG00000020450 Slc26a6 1.29E-02 + 0.26
ENSRNOG00000014125 Evi2b 1.30E-02 - 0.26
ENSRNOG00000012928 Prmt10 1.30E-02 + 0.26
ENSRNOG00000006991 Adrm1 1.34E-02 + 0.26
ENSRNOG00000012959 Nab1 1.35E-02 - 0.26
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ENSRNOG00000033148 Zfp790 1.36E-02 - 0.26
ENSRNOG00000018867 Klhdc7a 1.37E-02 - 0.26
ENSRNOG00000025285 Gfm2 1.38E-02 - 0.26
ENSRNOG00000050211 1.42E-02 - 0.25
ENSRNOG00000003985 Tmem19 1.43E-02 - 0.25
ENSRNOG00000007334 Ly6h 1.45E-02 + 0.25
ENSRNOG00000015029 Dbt 1.45E-02 - 0.25
ENSRNOG00000016619 Use1 1.47E-02 + 0.25
ENSRNOG00000001525 Igsf11 1.47E-02 - 0.25
ENSRNOG00000004959 Actr2 1.47E-02 - 0.25
ENSRNOG00000008431 Gabbr2 1.49E-02 - 0.25
ENSRNOG00000048057 Zfp106 1.51E-02 - 0.25
ENSRNOG00000015597 1600012H06Rik 1.51E-02 + 0.25
ENSRNOG00000009265 Kcnk9 1.56E-02 - 0.25
ENSRNOG00000025071 Qrich1 1.59E-02 + 0.25
ENSRNOG00000024553 Cyb5d2 1.59E-02 - 0.25
ENSRNOG00000009681 Flot2 1.59E-02 + 0.25
ENSRNOG00000043094 Oxct1 1.61E-02 - 0.25
ENSRNOG00000006069 Eif2ak3 1.62E-02 - 0.25
ENSRNOG00000043044 Cnn2 1.65E-02 - 0.24
ENSRNOG00000037360 1.65E-02 + 0.24
ENSRNOG00000004471 Polr3h 1.66E-02 + 0.24
ENSRNOG00000018909 Arv1 1.69E-02 + 0.24
ENSRNOG00000016574 Fiz1 1.70E-02 - 0.24
ENSRNOG00000012785 Armc10 1.71E-02 + 0.24
ENSRNOG00000001785 Etv5 1.72E-02 - 0.24
ENSRNOG00000051011 1.74E-02 - 0.24
ENSRNOG00000000940 Flt1 1.77E-02 - 0.24
ENSRNOG00000010409 Nol6 1.84E-02 + 0.24
ENSRNOG00000046829 Kdr 1.84E-02 - 0.24
ENSRNOG00000045623 Capn10 1.84E-02 + 0.24
ENSRNOG00000029425 1.88E-02 - 0.24
ENSRNOG00000017087 Man1c1 1.88E-02 - 0.24
ENSRNOG00000005203 Sec61g 1.91E-02 + 0.23
ENSRNOG00000013061 Tusc3 1.94E-02 + 0.23
ENSRNOG00000018295 RGD1309922 1.95E-02 + 0.23
ENSRNOG00000010450 Elovl7 1.98E-02 - 0.23
ENSRNOG00000034254 Actb 2.00E-02 + 0.23
ENSRNOG00000023233 2.02E-02 - 0.23
ENSRNOG00000003873 Cpd 2.03E-02 - 0.23
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ENSRNOG00000036964 Ralgapa2 2.04E-02 - 0.23
ENSRNOG00000010668 Anxa6 2.06E-02 + 0.23
ENSRNOG00000011633 Parvb 2.07E-02 - 0.23
ENSRNOG00000012163 Plekhm2 2.10E-02 - 0.23
ENSRNOG00000007360 Rfx4 2.13E-02 - 0.23
ENSRNOG00000001609 Cep97 2.14E-02 - 0.23
ENSRNOG00000004059 Ptrhd1 2.15E-02 - 0.23
ENSRNOG00000018239 Dhrs4 2.18E-02 - 0.23
ENSRNOG00000000257 Smpd3 2.19E-02 + 0.23
ENSRNOG00000022401 2.22E-02 - 0.23
ENSRNOG00000028273 Tmem150b 2.23E-02 - 0.22
ENSRNOG00000004660 Fzd6 2.23E-02 - 0.22
ENSRNOG00000026814 Qtrtd1 2.24E-02 + 0.22
ENSRNOG00000007981 Klhl23 2.24E-02 + 0.22
ENSRNOG00000019552 Lsm7 2.24E-02 + 0.22
ENSRNOG00000013452 Rcn1 2.27E-02 + 0.22
ENSRNOG00000003464 Hid1 2.30E-02 + 0.22
ENSRNOG00000018337 Caly 2.35E-02 + 0.22
ENSRNOG00000025025 Dnttip2 2.37E-02 - 0.22
ENSRNOG00000048427 2.39E-02 + 0.22
ENSRNOG00000029308 Lrmp 2.40E-02 + 0.22
ENSRNOG00000011497 Aldh1b1 2.41E-02 + 0.22
ENSRNOG00000006949 C1qbp 2.43E-02 + 0.22
ENSRNOG00000012874 Rgma 2.43E-02 - 0.22
ENSRNOG00000020812 Gys1 2.46E-02 - 0.22
ENSRNOG00000007031 Trim9 2.58E-02 + 0.22
ENSRNOG00000045948 Arl10 2.62E-02 + 0.21
ENSRNOG00000027623 D5Ertd579e 2.67E-02 - 0.21
ENSRNOG00000004172 Pdk2 2.68E-02 - 0.21
ENSRNOG00000034106 2.68E-02 + 0.21
ENSRNOG00000003546 Tnfrsf12a 2.71E-02 - 0.21
ENSRNOG00000024730 Ppm1e 2.74E-02 - 0.21
ENSRNOG00000001276 Pcnt 2.75E-02 - 0.21
ENSRNOG00000016033 Endog 2.77E-02 + 0.21
ENSRNOG00000004200 Sybu 2.79E-02 + 0.21
ENSRNOG00000016587 Ninj1 2.82E-02 + 0.21
ENSRNOG00000009994 Dlat 2.89E-02 - 0.21
ENSRNOG00000001517 Pdk1 2.89E-02 + 0.21
ENSRNOG00000016452 Creb3 2.91E-02 + 0.21
ENSRNOG00000001111 Brca2 2.92E-02 - 0.21
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ENSRNOG00000014135 Rab11fip4 2.93E-02 - 0.21
ENSRNOG00000014900 Crem 2.93E-02 - 0.21
ENSRNOG00000002652 Rap1gap2 2.94E-02 - 0.21
ENSRNOG00000028624 Kif26b 2.95E-02 - 0.21
ENSRNOG00000047896 Kctd10 2.96E-02 + 0.21
ENSRNOG00000001385 Plbd2 3.00E-02 + 0.21
ENSRNOG00000009871 Piwil2 3.01E-02 - 0.20
ENSRNOG00000017595 Rsu1 3.02E-02 - 0.20
ENSRNOG00000042732 3.02E-02 + 0.20
ENSRNOG00000043286 Cpne2 3.03E-02 + 0.20
ENSRNOG00000018045 3.04E-02 + 0.20
ENSRNOG00000012168 Fbxl21 3.05E-02 - 0.20
ENSRNOG00000004409 Sash3 3.09E-02 - 0.20
ENSRNOG00000026833 Ube4a 3.11E-02 - 0.20
ENSRNOG00000031129 Carm1 3.12E-02 + 0.20
ENSRNOG00000018804 Fam65b 3.13E-02 + 0.20
ENSRNOG00000016896 Rpl3 3.19E-02 + 0.20
ENSRNOG00000025558 Palm2 3.20E-02 - 0.20
ENSRNOG00000020389 Capn12 3.20E-02 + 0.20
ENSRNOG00000015383 Asxl3 3.20E-02 - 0.20
ENSRNOG00000026718 3.22E-02 - 0.20
ENSRNOG00000015456 Zfp787 3.22E-02 - 0.20
ENSRNOG00000004294 Ascl1 3.23E-02 - 0.20
ENSRNOG00000004606 Meis1 3.23E-02 - 0.20
ENSRNOG00000006689 Chd7 3.33E-02 - 0.20
ENSRNOG00000007434 Ube2j1 3.33E-02 - 0.20
ENSRNOG00000019492 Gtdc2 3.33E-02 + 0.20
ENSRNOG00000049931 3.36E-02 - 0.20
ENSRNOG00000029235 Sfmbt2 3.37E-02 + 0.20
ENSRNOG00000016474 Tspan3 3.38E-02 - 0.20
ENSRNOG00000001227 Adarb1 3.42E-02 - 0.20
ENSRNOG00000033330 Skida1 3.52E-02 - 0.19
ENSRNOG00000000985 Cpsf4 3.59E-02 + 0.19
ENSRNOG00000043201 Adck3 3.62E-02 - 0.19
ENSRNOG00000030273 Zfp563 3.67E-02 - 0.19
ENSRNOG00000003218 Zfp286a 3.69E-02 - 0.19
ENSRNOG00000011927 Sdc3 3.70E-02 - 0.19
ENSRNOG00000018588 3.71E-02 + 0.19
ENSRNOG00000043102 Bahcc1 3.74E-02 - 0.19
ENSRNOG00000015780 Rcn2 3.78E-02 + 0.19
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ENSRNOG00000001688 Sim2 3.78E-02 - 0.19
ENSRNOG00000027622 Slc35e3 3.78E-02 + 0.19
ENSRNOG00000003214 3.81E-02 - 0.19
ENSRNOG00000013949 Idh2 3.82E-02 - 0.19
ENSRNOG00000017976 Slco2b1 3.82E-02 - 0.19
ENSRNOG00000018260 Hrh2 3.85E-02 - 0.19
ENSRNOG00000005610 Yipf4 3.86E-02 + 0.19
ENSRNOG00000020552 Fosl1 3.90E-02 - 0.19
ENSRNOG00000048089 ARF1 3.91E-02 + 0.19
ENSRNOG00000024456 Radil 3.98E-02 + 0.19
ENSRNOG00000020554 Slc50a1 4.02E-02 + 0.19
ENSRNOG00000014092 Paip2b 4.03E-02 - 0.19
ENSRNOG00000050200 Kdm3b 4.06E-02 - 0.18
ENSRNOG00000022248 Fbxl16 4.09E-02 + 0.18
ENSRNOG00000009667 Mlst8 4.10E-02 + 0.18
ENSRNOG00000010386 H2afx 4.14E-02 + 0.18
ENSRNOG00000037368 4933427I04Rik 4.22E-02 + 0.18
ENSRNOG00000012576 Vimp 4.23E-02 - 0.18
ENSRNOG00000001440 Mdh2 4.24E-02 + 0.18
ENSRNOG00000003881 Nit1 4.27E-02 + 0.18
ENSRNOG00000006144 Cntn3 4.31E-02 + 0.18
ENSRNOG00000001061 Rilpl2 4.31E-02 - 0.18
ENSRNOG00000029095 Trabd 4.32E-02 + 0.18
ENSRNOG00000048243 Hs6st3 4.40E-02 - 0.18
ENSRNOG00000021117 Rps6ka4 4.40E-02 + 0.18
ENSRNOG00000032740 RGD1565088 4.40E-02 - 0.18
ENSRNOG00000037225 Tyms 4.45E-02 - 0.18
ENSRNOG00000005538 Psmd11 4.47E-02 + 0.18
ENSRNOG00000039063 Kctd12b 4.52E-02 - 0.18
ENSRNOG00000047302 Btbd8 4.59E-02 - 0.18
ENSRNOG00000000986 Camsap3 4.60E-02 + 0.18
ENSRNOG00000003063 Phka1 4.62E-02 - 0.18
ENSRNOG00000013293 Mccc1 4.70E-02 - 0.17
ENSRNOG00000043189 Trub2 4.70E-02 + 0.17
ENSRNOG00000031036 Mdfic 4.71E-02 - 0.17
ENSRNOG00000008696 RGD1563365 4.73E-02 + 0.17
ENSRNOG00000026937 Arsk 4.73E-02 - 0.17
ENSRNOG00000001272 Mcm3ap 4.74E-02 + 0.17
ENSRNOG00000000440 Pbx2 4.78E-02 + 0.17
ENSRNOG00000011992 Slc18a1 4.81E-02 - 0.17
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ENSRNOG00000011068 Papss2 4.81E-02 - 0.17
ENSRNOG00000017352 Ctdnep1 4.82E-02 - 0.17
ENSRNOG00000005924 Dstn 4.91E-02 - 0.17
ENSRNOG00000013072 Plxna4a 4.93E-02 - 0.17
ENSRNOG00000016427 Letm1 4.94E-02 - 0.17
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Ensembl ID Gene Name p-value  +/- correlation R Square
ENSRNOG00000047855 1.12E-05 + 0.61
ENSRNOG00000004566 Arhgef15 1.81E-05 - 0.59
ENSRNOG00000007607 Nr4a1 4.64E-05 - 0.55
ENSRNOG00000012360 Gtf2h1 1.75E-04 + 0.50
ENSRNOG00000037242 Dnase1l1 1.86E-04 - 0.49
ENSRNOG00000012582 Eif4ebp1 2.90E-04 - 0.47
ENSRNOG00000006515 Klhl15 3.72E-04 - 0.46
ENSRNOG00000018927 Sprn 4.67E-04 + 0.45
ENSRNOG00000008015 Fos 4.89E-04 - 0.45
ENSRNOG00000005990 Wdsub1 5.06E-04 - 0.45
ENSRNOG00000018484 Plk3 5.57E-04 - 0.44
ENSRNOG00000015949 Aqp9 6.01E-04 - 0.44
ENSRNOG00000007663 RPS6 6.68E-04 - 0.43
ENSRNOG00000024170 Phf5a 6.74E-04 - 0.43
ENSRNOG00000048089 ARF1 6.98E-04 + 0.43
ENSRNOG00000050087 Mphosph6 7.04E-04 - 0.43
ENSRNOG00000004685 Mta3 7.21E-04 + 0.43
ENSRNOG00000011936 Abhd14a 8.19E-04 - 0.42
ENSRNOG00000012046 Prmt5 1.12E-03 + 0.40
ENSRNOG00000018768 Rps8 1.12E-03 - 0.40
ENSRNOG00000020584 Efna3 1.33E-03 + 0.39
ENSRNOG00000045667 1.74E-03 - 0.38
ENSRNOG00000007637 Acer2 1.75E-03 - 0.38
ENSRNOG00000016751 Slc25a28 1.91E-03 + 0.37
ENSRNOG00000030174 Rps2 1.91E-03 - 0.37
ENSRNOG00000008786 Ap1b1 2.03E-03 + 0.37
ENSRNOG00000009072 2.11E-03 + 0.37
ENSRNOG00000007053 Med7 2.35E-03 - 0.36
ENSRNOG00000008416 Gimap5 2.42E-03 - 0.36
ENSRNOG00000015896 Rbpms2 2.46E-03 - 0.36
ENSRNOG00000020938 Ppp1r15a 2.76E-03 - 0.35
ENSRNOG00000004294 Ascl1 2.86E-03 - 0.35
ENSRNOG00000003214 2.95E-03 - 0.35
ENSRNOG00000011483 S100a9 2.98E-03 - 0.35
ENSRNOG00000021395 Rps8 3.00E-03 - 0.35
ENSRNOG00000011040 3.12E-03 + 0.35
ENSRNOG00000003794 Nmral1 3.14E-03 - 0.35
ENSRNOG00000011068 Papss2 3.25E-03 - 0.34
ENSRNOG00000046399 3.32E-03 - 0.34
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ENSRNOG00000012653 Ppp1r13b 3.52E-03 + 0.34
ENSRNOG00000012343 Pdp2 3.58E-03 - 0.34
ENSRNOG00000014521 Armc8 4.08E-03 + 0.33
ENSRNOG00000013331 Sdha 4.15E-03 + 0.33
ENSRNOG00000030367 Fam19a1 4.70E-03 + 0.32
ENSRNOG00000009889 Pgm1 4.83E-03 - 0.32
ENSRNOG00000001404 Agfg2 4.86E-03 + 0.32
ENSRNOG00000004959 Actr2 5.00E-03 + 0.32
ENSRNOG00000001302 Adora2a 5.26E-03 - 0.32
ENSRNOG00000022428 Flrt1 5.40E-03 - 0.31
ENSRNOG00000033570 Arhgap8 5.52E-03 - 0.31
ENSRNOG00000049998 B4galnt2 5.54E-03 - 0.31
ENSRNOG00000018909 Arv1 5.70E-03 + 0.31
ENSRNOG00000012868 Uaca 6.14E-03 - 0.31
ENSRNOG00000023861 Snap91 6.18E-03 + 0.31
ENSRNOG00000009871 Piwil2 7.48E-03 - 0.29
ENSRNOG00000006947 Pdhx 7.71E-03 + 0.29
ENSRNOG00000029219 Zfp72 8.22E-03 + 0.29
ENSRNOG00000025625 Rnase4 8.79E-03 - 0.28
ENSRNOG00000019007 Rpl14 9.44E-03 - 0.28
ENSRNOG00000000381 Herc4 9.49E-03 + 0.28
ENSRNOG00000021796 RGD1565166 9.62E-03 - 0.28
ENSRNOG00000013851 Spry4 9.88E-03 - 0.28
ENSRNOG00000001793 Heg1 9.93E-03 - 0.28
ENSRNOG00000000440 Pbx2 1.01E-02 + 0.28
ENSRNOG00000004078 Eno3 1.04E-02 - 0.27
ENSRNOG00000031230 1.05E-02 - 0.27
ENSRNOG00000005355 Ncstn 1.10E-02 - 0.27
ENSRNOG00000031960 1.12E-02 - 0.27
ENSRNOG00000033979 1.15E-02 - 0.27
ENSRNOG00000000986 Camsap3 1.20E-02 + 0.26
ENSRNOG00000002652 Rap1gap2 1.26E-02 + 0.26
ENSRNOG00000015383 Asxl3 1.29E-02 - 0.26
ENSRNOG00000018910 Abhd11l1 1.33E-02 + 0.26
ENSRNOG00000007981 Klhl23 1.40E-02 + 0.26
ENSRNOG00000010409 Nol6 1.41E-02 + 0.25
ENSRNOG00000032978 Tes 1.42E-02 - 0.25
ENSRNOG00000016574 Fiz1 1.43E-02 - 0.25
ENSRNOG00000009982 Pnp 1.50E-02 - 0.25
ENSRNOG00000014135 Rab11fip4 1.53E-02 + 0.25
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ENSRNOG00000005144 Tmem18 1.58E-02 + 0.25
ENSRNOG00000023587 Dhtkd1 1.61E-02 - 0.25
ENSRNOG00000050951 Rnf135 1.64E-02 - 0.24
ENSRNOG00000030273 Zfp563 1.76E-02 - 0.24
ENSRNOG00000002373 Akap1 1.78E-02 + 0.24
ENSRNOG00000007023 Galm 1.79E-02 - 0.24
ENSRNOG00000008720 Wbp1 1.83E-02 - 0.24
ENSRNOG00000033206 Entpd5 1.86E-02 - 0.24
ENSRNOG00000004403 Slc25a32 1.86E-02 + 0.24
ENSRNOG00000007650 Cd63 1.89E-02 - 0.24
ENSRNOG00000014460 Hivep1 1.91E-02 - 0.23
ENSRNOG00000020951 Slc4a1 1.94E-02 - 0.23
ENSRNOG00000011900 Fmr1 1.95E-02 - 0.23
ENSRNOG00000049361 Gas7 1.95E-02 + 0.23
ENSRNOG00000046667 Fosb 1.96E-02 - 0.23
ENSRNOG00000023233 2.01E-02 - 0.23
ENSRNOG00000049931 2.06E-02 - 0.23
ENSRNOG00000037225 Tyms 2.08E-02 - 0.23
ENSRNOG00000046639 Itgae 2.13E-02 - 0.23
ENSRNOG00000049110 Dpm2 2.14E-02 - 0.23
ENSRNOG00000014336 Mcm5 2.14E-02 - 0.23
ENSRNOG00000010877 Alg9 2.24E-02 + 0.22
ENSRNOG00000007031 Trim9 2.26E-02 + 0.22
ENSRNOG00000007412 Dok1 2.29E-02 + 0.22
ENSRNOG00000029095 Trabd 2.38E-02 - 0.22
ENSRNOG00000006789 DDIT3 2.50E-02 - 0.22
ENSRNOG00000020216 Gmpr2 2.51E-02 - 0.22
ENSRNOG00000013293 Mccc1 2.58E-02 - 0.22
ENSRNOG00000018588 2.68E-02 + 0.21
ENSRNOG00000000167 Alas2 2.72E-02 - 0.21
ENSRNOG00000029574 Rps4x 2.81E-02 - 0.21
ENSRNOG00000019552 Lsm7 2.90E-02 + 0.21
ENSRNOG00000012959 Nab1 2.94E-02 - 0.21
ENSRNOG00000020930 Atxn7l3 2.95E-02 + 0.21
ENSRNOG00000019073 Ikbkb 3.02E-02 - 0.20
ENSRNOG00000021117 Rps6ka4 3.13E-02 + 0.20
ENSRNOG00000014790 Cryga 3.13E-02 + 0.20
ENSRNOG00000047003 3.19E-02 + 0.20
ENSRNOG00000004950 Ubxn2a 3.25E-02 - 0.20
ENSRNOG00000003464 Hid1 3.27E-02 + 0.20
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ENSRNOG00000014125 Evi2b 3.36E-02 + 0.20
ENSRNOG00000032902 Ybx1 3.36E-02 - 0.20
ENSRNOG00000026653 Hcar2 3.38E-02 + 0.20
ENSRNOG00000020417 Gsk3a 3.39E-02 + 0.20
ENSRNOG00000000490 Rps10 3.43E-02 - 0.20
ENSRNOG00000049259 3.51E-02 - 0.19
ENSRNOG00000019183 Alox15 3.55E-02 - 0.19
ENSRNOG00000010029 Fam100b 3.55E-02 - 0.19
ENSRNOG00000009886 Fkbp14 3.56E-02 - 0.19
ENSRNOG00000003546 Tnfrsf12a 3.59E-02 - 0.19
ENSRNOG00000008554 Slc9a9 3.71E-02 + 0.19
ENSRNOG00000012874 Rgma 3.72E-02 - 0.19
ENSRNOG00000015744 Spata25 3.73E-02 - 0.19
ENSRNOG00000013949 Idh2 3.86E-02 - 0.19
ENSRNOG00000049424 Hbb 3.90E-02 - 0.19
ENSRNOG00000012168 Fbxl21 3.92E-02 - 0.19
ENSRNOG00000015958 Slc19a3 4.01E-02 - 0.19
ENSRNOG00000011902 Rdh11 4.04E-02 - 0.19
ENSRNOG00000030131 Zscan30 4.19E-02 + 0.18
ENSRNOG00000001385 Plbd2 4.21E-02 + 0.18
ENSRNOG00000037505 Ulk1 4.43E-02 + 0.18
ENSRNOG00000014592 Zbtb46 4.61E-02 - 0.18
ENSRNOG00000011509 Agk 4.63E-02 + 0.18
ENSRNOG00000002751 Zdhhc15 4.68E-02 + 0.18
ENSRNOG00000006763 Rbm18 4.71E-02 - 0.17
ENSRNOG00000048061 Brcc3 4.74E-02 - 0.17
ENSRNOG00000001440 Mdh2 4.79E-02 + 0.17
ENSRNOG00000026937 Arsk 4.83E-02 - 0.17
ENSRNOG00000008080 HRH3 4.86E-02 + 0.17
ENSRNOG00000031930 Bin2 4.87E-02 + 0.17
ENSRNOG00000007533 Rab27a 4.90E-02 - 0.17
ENSRNOG00000046285 Pcdha9 4.90E-02 + 0.17
ENSRNOG00000020595 Rps11 4.91E-02 - 0.17
ENSRNOG00000001216 Trpm2 4.94E-02 + 0.17
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Ensembl ID Gene Name
ENSRNOG00000018326 6-phosphogluconolactonase
ENSRNOG00000014900 cAMP responsive element modulator
ENSRNOG00000009994 dihydrolipoamide S-acetyltransferase
ENSRNOG00000020812 glycogen synthase 1, muscle
ENSRNOG00000006116 hexokinase 2
ENSRNOG00000001440 malate dehydrogenase 2, NAD (mitochondrial)
ENSRNOG00000018536 phosphoenolpyruvate carboxykinase 2 (mitochondrial)
ENSRNOG00000003063 phosphorylase kinase alpha 1
ENSRNOG00000021090 phosphorylase, glycogen, muscle
ENSRNOG00000001517 pyruvate dehydrogenase kinase, isozyme 1
ENSRNOG00000004172 pyruvate dehydrogenase kinase, isozyme 2
ENSRNOG00000009565 pyruvate dehydrogenase kinase, isozyme 4
Ensembl ID Gene Name
ENSRNOG00000023587 dehydrogenase E1 and transketolase domain containing 1
ENSRNOG00000004078 enolase 3, beta, muscle
ENSRNOG00000001440 malate dehydrogenase 2, NAD (mitochondrial)
ENSRNOG00000009889 phosphoglucomutase 1
